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II. REMARKS 

Applicants respectfully request reconsideration of the present application in view 
of the foregoing amendments and in view of the reasons that follow. 

Claim 42 is currently being amended to clarify the claimed subject matter. Claim 
42 now recites that the IKK protein complex is autophosphorylated at a T loop of the 
IKK subunit beta (/?). Support for the amendment is found in paragraphs [0029], [0048], 
[0071] and [0073] of the specification as originally filed. 

This amendment changes a claim in this application. A detailed listing of all 
claims that are, or were, in the application, irrespective of whether the claim(s) remain 
under examination in the application, is presented, with an appropriate defined status 
identifier. The amendment to the claim is made without prejudice or disclaimer to 
Applicants' right to pursue the same or similar subject claims in a related application. 

The amendment presents the finally rejected claims in better form for allowance 
or consideration upon appeal. They were not made earlier as Applicants believe the 
claims as previously amended presented patentable subject matter. Therefore, this 
amendment complies with 37 C.F.R. § 1.116. Entry of the amendment is respectfully 
requested. After amending the claims as set forth above, claims 2, 5-7, 17-19, 21-23 
and 42 are now pending in this application. 

37 C.F.R. § 1.131 Supplemental Declaration 

With respect to the Supplemental Declaration Under 37 C.F.R. § 1.131, the 
Office alleged that the Declaration did not make clear what was done in each 
experiment and what each gel shows. However, the Office acknowledged that the 
Declaration stated that similar gels and results are shown in Figure 3 and described in 
the specification. The Office also acknowledged that the experiments of the declaration 
appear essentially the same as the experiments of Figure 3, and the brief description of 
Figure 3 is clear as to what was done. In view of the above interpretation, the 
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Declaration was deemed sufficient, but the Office stated that if the interpretation is 
incorrect, Applicants should so state on the record and the rejection will be reinstated 
unless Applicants provide further explanation of what the experiments of the declaration 
show. 

Applicants agree with the Office's interpretation of the Declaration and state for 
the record that the experiments of Figure 3 are essentially the same as the experiments 
of the Declaration. 

35 U.S.C. § 112, Second Paragraph 

Claims 5-7, 17-19, 21-23 and 42 stand rejected under 35 U.S.C. § 112, second 
paragraph as allegedly indefinite on the ground that the term "said IKK gamma (y) gene 
solely regulates activation of said IKK protein complex" is unclear. 

Without conceding to the correctness of the Office's position and in a sincere 
effort to advance prosecution of the application, claim 42 has been amended to remove 
the offending language. Claim 42 now recites in its place that the IKK subunit (£) is 
autophosphorylated at the T loop. Support for the amendment is recited above. Claims 
5-7, 17-19 and 21-23 depend from claim 42. In view of the preceding amendment, 
reconsideration and withdrawal of the rejection is respectfully requested. 

35 U.S.C. § 112 First Paragraph 

Claims 5-7, 17-19, 21-23 and 42 stand rejected under 35 U.S.C. § 112, first 
paragraph as allegedly failing to comply with the written description requirement. The 
Office alleged that the specification fails to provide support for IKK gamma being the 
sole means of activating the IKK protein complex. 

Without conceding to the correctness of the rejection and in a sincere effort to 
advance prosecution of the application, claim 42 has been amended to recite that the 
IKK subunit (/?) is autophosphorylated at the T loop. Claim 42, as amended, has 
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sufficient written description support from the specification as originally filed. For 
example, paragraph [0029] of the specification provides that "IKKk regulates the 
autophosphorylation of the T loop residues in the kinase domain of IKK/?. When the T 
loop residues are phosphorylated, the kinase is active." Claims 5-7, 17-19 and 21-23 
depend from claim 42. Therefore, in view of the preceding amendment and remarks, 
reconsideration and withdrawal of the rejection is respectfully requested. 

35 U.S.C. § 103(a) 

Claims 2, 5-7, 17-19, 21-23 and 42 stand rejected under 35 U.S.C. § 103(a) as 
allegedly obvious over Rothwarf et al. in view of Traincard et al. and Epinat et al. 

The Office alleged that Rothward et al. teaches that IKK complex can be 
activated by overexpression of NIK or MEKK1 in mammalian cells and Applicants' 
argument did not provide reason for believing that overexpression of NIK or MEKK1 
wouldn't have the same effect on the IKK complex in yeast cells. The Office further 
alleged that autophosphorylation of the IKK complex was known in the prior art. 
Furthermore, the Office alleged that a skilled artisan would clearly expect that the IKK 
a, p, y subunits to have all inherent functions when they are coexpressed in any 
eukaryotic system and, hence, production of substantially homogenous and biologically 
functional IKK protein in yeast would be expected from the teaching of the prior art. 

1 . Rothwarf et al. does not teach that IKK complex can be activated by NIK or 
MEKK1 in yeast 

Applicants provided in the response to the Non-Final Office Action mailed 
October 15, 2008, that Rothwarf et al. does not teach that IKK complex can be 
activated by NIK or MEKK1 in yeast systems. The Office alleged that this statement is 
insufficient to overcome the explicit teaching by Rothwarf et al. that overexpression of 
NIK and MEKK2 can be used for activation of the IKK complex. The Office alleged that 
the disclosure of Rothwarf et al. that IKK- alp can be activated by overexpression of 
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NIK and MEKK1 in mammalian cells suggests that overexpression of these genes have 
the same effect on IKK complex in the yeast cells. Applicants respectfully disagree. 

Applicants submit that the disclosure in Rothwarf et al. that IKK- a/0 can be 
activated by NIK or MEKK1 in human cells does not teach or suggest that the same 
reaction can take place in yeast, because yeast lack the upstream regulatory elements 
believed necessary for expression and activation of the complex. Taking NIK as an 
example, in order for NIK to active IKK- a/0, all of the following must occur: 1) NIK is 
activated, 2) NIK's cofactor is present and binds to NIK, and 3) NIK's substrate, IKK, is 
in a suitable condition for activation. As explained in detail below, these requirements 
are present in a human cell but not in a yeast cell. Moreover, only human cells and 
artificial human systems were studied in the cited prior art. The claimed yeast 
expression system was neither made nor studied until Applicants' invention. 

1) NIK requires activation 

NIK is a member of the MAP3K-related serine-threonine kinase family (Ling et al. 
(1997) Proc. Natl. Acad. Sci. USA 95, 3791-7 (attached as Exhibit A), page 3796, first 
column second paragraph). MAP3K enzymes are not functional until activated, such as 
Raf-1 , which is phosphorylated and activated when binding to Ras. The molecular 
mechanisms by which NIK is activated were not known (Ling et al., page 3792, second 
column, first paragraph), and it was speculated that NIK was activated by a complex 
involving TRAF and/or RIP proteins (Ling et al., page 3797, first column, second 
paragraph). Therefore, in order for NIK to activate IKK, NIK needs to be activated. 

2) NIK requires cofactors 

NIK was first identified as a TRAF2 interacting protein (Malinin et al. (1997) 
Nature 385:540-4, Abstract, attached as Exhibit B). This suggests that in order for NIK 
to activate IKK, TRAF2 needs to be present and bind to NIK. 
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3) NIK requires IKK to be bound to NEMO 

NEMO binds to a serine-rich region of the C-terminus of IKK-/?. In the absence 
of NEMO, IKK-yff is autophosphorylated at the serine-rich region, making itself refractory 
to TNFa-induced signal (U.S. Patent No. 6,864,355, as cited by the Office, the '355 
Patent) and thus can not be activated by NIK. Therefore, in order for NIK to activate 
IKK, NEMO needs to be present and bind to IKK. 

Additionally, as of the effective filing date of the current application, it was known 
that yeast lacks the TNF-g and NF-kB signaling pathways (see Specification of the 
present application at paragraph [0024]), to which the biological reactions between IKK 
and NIK or MEKK1 belong. Therefore, there was a general understanding by one of 
skill in the art that it was difficult to reconstruct all or even part of the TNF-a and NF-kB 
signaling pathway in yeast. This general understanding is further evidenced by 
scientific references published even after the effective filing date of the current 
application. 

For example, it was reported that TRAF6 recruits and activates NIK, and TAK1, 
TAB1 and TAB2 also may act upstream of NIK (Li et al. (2006) J. Bio. Chem. 
281 (3):1 495-505 (attached as Exhibit C), at page 1495, second column, second 
paragraph). Li et al. (2006) also discloses that H 2 0 2 plays an important role in NIK 
activation following IL-1£ stimulation, by promoting TRAF6 association with NIK (Li et 
al, page 1496, first column, fourth paragraph). 

Binding to TRAF proteins is essential for NIK's function because a point mutation 
in NIK's TRAF-binding region eliminated NIKs ability to activate IKK (Yin et al. (2001) 
"Defective lymphotoxin-/? receptor-induced NF-kB transcriptional activity in NIK-deficient 
mice," Science 291:2162-65, attached as Exhibit D). Also, NIK is a component of the 
EGF/heregulin receptor signaling complexes which include ErbB4 and Grb7 (Chen et 
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al. (2003) Oncogene 22(28):4348-55, Abstract, attached as Exhibit E). These findings 
further confirm that NIK cannot act alone. 

Additionally, NIK undergoes degradation when its binding to Hsp90 is inhibited, 
suggesting that Hsp90 is specifically involved in the folding and stabilization of NIK 
(Qing et al. (2007) Cell Res. 17(6):520-30, Abstract, attached as Exhibit F). 

Therefore, in order for NIK to activate IKK, at the minimum, NIK needs to be 
recruited and activated by TRAF6, bind to TRAF2, be stabilized by Hsp90, and bind to 
IKK in the presence of NEMO. Some of these proteins or their counterparts, such as 
Hsp90, may be present in yeast, but most are not. Even in the case of Hsp90, which is 
more selective than other chaperones, it was unknown whether the yeast Hsp90 has 
the same specificity or function as the human counterpart. 

In a human cell, all of these proteins are constantly present, therefore 
overexpression of NIK can tilt the balance of the biochemical reaction towards IKK 
activation even when other proteins in the pathway are unaltered. However, at the time 
of the effective filing date of the application, it would not have been expected to one of 
ordinary skill in the art that mere overexpression of NIK, without the presence of the 
TRAF6, TRAF2, Hsp90, or NEMO, would be able to activate IKK. 

Applicants further note that even with the presence of TRAF6, TRAF2, Hsp90, 
and NEMO in a yeast cell, it was still unknown whether NIK would be able to activate 
IKK in a yeast cell since it was unknown whether each of these proteins require its own 
activation and cofactors for proper functioning. 

The molecular mechanisms by which MEKK1 activates IKK is even less well 
understood. As of the effective filing date, it was suspected that MEKK1 does not 
directly activate IKK (Karin et al. (1998) Proc. Natl. Acad. Sci. USA 95:9067-9, attached 
as Exhibit G, at page 9067, second column, second to the last sentence, and Figure 1). 
For the same reasons recited for NIK, an observation that overexpression of MEKK1 
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activates IKK in a human cell does not suggest that MEKK1 can activate IKK in a yeast 
cell. 

Thus, in sum, Applicants submit that one cannot rely on the teaching that IKK 
was expressed and activated in human cells to expect that IKK can be similarly 
expressed and activated in yeast, because the comparison of the two systems is one of 
apples to oranges. 

Indeed, many of the findings based on human or mammalian-expressed IKK are 
inherently tainted by the heterogeneity of the IKK complexes produced in these cells, 

1. e., the IKK complex produced by one research group and reported in one reference 
was unlikely to be identical as the IKK produced by another research group and 
reported in another reference as evidenced by the existence of widely varying and 
inconsistent findings. Therefore absent an analysis of the complex produced, studied 
and reported in each reference, the teachings cannot be combined as to obviate or 
draw any reasonably definite conclusions. 

Therefore, the disclosure in Rothwarf et al. that IKK can be activated by 
overexpression of NIK and MEKK1 does not teach or suggest that IKK can be activated 
in yeast by these proteins. 

2. U.S. Patent No. 6,864,355 does not teach that IKK complex can be 
autophosphorylated and activated 

The Office alleged that IKK autophosphorylation is taught in U.S. Patent No. 
6,864,355 ("the '355 Patent). Applicants note that the '355 Patent teaches that IKK-/? is 
autophosphorylated at a serine-rich region of the C-terminus (the '355 Patent, at 
column 24, lines 53 to 63). However, this "autophosphorylation serves to down- 
regulate TNFa-induced IKKJ3 activity by causing conformational changes within the 
protein" and autophosphorylated IKKp is "refractory to TNFa-induced signals" (the '355 
Patent, at column 25, lines 40 to 48, emphasis added). 
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To the contrary, autophosphorylation as described and claimed in the current 
application occurs at a T loop of the N-terminus of \KK-fi and results in activation of 
IKK. As disclosed in the application (see, e.g., paragraphs [0046]) and further 
explained in Schomer-Miller et al. (2006) J. Bio. Chem. 281(22):1 5268-76 (attached as 
Exhibit H), IKK with autophosphorylation at the C-terminus of IKK-/? only has basal level 
activity. Upon stimulation, IKK-/? is dephosphorylated at the C-terminus. IKK is then 
activated by autophosphorylation at the T loop of the N-terminus (see, e.g., paragraph 
[0029] of the Specification, and Schomer-Miller et al. Abstract and Figure 5). 

Therefore, the '355 Patent does not teach that IKK complex can be 
autophosphorylated and activated. 

3. Activated IKK is not an expected inherent result of coexpression of the a, 
fi, and y subunits 

The Office alleged that production of substantially homogenous and biologically 
functional IKK protein is expected because they are inherent functions of the a, /?, and y 
subunits. However, the claims, as both previously presented and currently amended, 
are directed to methods for preparing substantially homogenous, biologically functional 
and activated IKK protein complex. 

Applicants note that it was known in the art, at the time the application was filed, 
that \KK-ft can be autophosphorylated and basally active in human and mammalian 
cells. It was unknown that IKK can be activated in yeast. "Activated", refers "a state of 
being more than usually active" (Blood and Studdert (1999) Saunders Comprehensive 
Veterinary Dictionary, 2nd Ed. WB Saunders). "Basal", on the other hand, refers to "of, 
relating to, or being essential for maintaining the fundamental vital activities of an 
organism : MINIMAL" (Webster's Ninth New Collegiate Dictionary (1988) Merriam- 
Webster Inc. Emphasis in original). An activated IKK is clearly different from a basally 
active IKK-£. Therefore, an activated IKK is not an expected inherent result of 
coexpression of the a, /? ', and y subunits. 
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For the reasons explained above, claims 2, 5-7, 17-19, 21-23 and 42 are not 
obvious over Rothwarf et al. in view of Traincard et at. and Epinat et al, because the 
prior art in combination does not teach or suggest that the IKK protein complex can be 
activated in yeast. 

4. Claim 42 

Claim 42 has been currently amended to clarify the claimed subject matter. 
Claim 42 recites that the IKK protein complex is autophosphorylated at a T loop of the 
IKK subunit beta (0). The autophosphorylation and activation of the IKK protein 
complex, as explained above, is not taught or suggested by any of the cited prior art 
references or in any combination. Therefore, claim 42 is not obvious over the prior art. 

In view of the preceding amendments and remarks, Applicants submit that the 
cited references do not teach as alleged by the Office and that given the deficiencies of 
the basic teachings, the references alone or in combination, fail to render obvious the 
claimed subject matter. Thus, reconsideration and withdrawal of the rejections under 
35 U.S.C. §103, is respectfully requested. 
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III. 



CONCLUSION 



Applicants believe that the present application is now in condition for allowance. 
Favorable reconsideration of the application as amended is respectfully requested. 

The Examiner is invited to contact the undersigned by telephone if it is felt that a 
telephone interview would advance the prosecution of the present application. 

The Commissioner is hereby authorized to charge any additional fees which may 
be required regarding this application under 37 C.F.R. §§ 1.16-1.17, or credit any 
overpayment, to Deposit Account No. 19-0741. Should no proper payment be enclosed 
herewith, as by the credit card payment instructions in EFS-Web being incorrect or 
absent, resulting in a rejected or incorrect credit card transaction, the Commissioner is 
authorized to charge the unpaid amount to Deposit Account No. 19-0741. If any 
extensions of time are needed for timely acceptance of papers submitted herewith, 
Applicant hereby petitions for such extension under 37 C.F.R. §1.136 and authorizes 
payment of any such extensions fees to Deposit Account No. 19-0741 . 



Respectfully submitted, 



Date: July 28, 2009 




FOLEY & LARDNER LLP 
Customer Number: 38706 
Telephone: (650)251-1129 
Facsimile: (650)856-3710 



Antoinette F. Konski 
Attorney for Applicants 
Registration No. 34,202 



Alex Y. Nie 

Attorney for Applicants 
Registration No. 60,523 
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EXHIBIT A 



Proc. Nail. Acad. Sci USA 

Vol. 95, pp. 3792-3797, March 1998 

Immunology 



NF-KB-inducing kinase activates IKK-a by phosphorylation 
of Ser-176 



Lei Ling, Zhaodan Cao, and David V. Goeddel* 

Tulartk, Inc.. Two Corporate Drive. Souih San Francisco, CA 94080 
Contributed by David V. Goeddel, January 29, 1 998 

ABSTRACT Activation of the transcription factor NF-kB 
by inflammatory cytokines involves the successive action of 
NF-KB-inducing kinase (NIK) and two IkB kinases, IKK-a 
and IKK-/3. Here we show that NIK preferentially phosphor- 
ylates IKK-a over IKK-/}, leading to the activation of IKK-a 
kinase activity. This phosphorylation of IKK-a occurs spe- 
cifically on Ser-176 in the activation loop between kinase 
subdomains VII and VIII. A mutant form of IKK-a containing 
alanine at residue 176 cannot be phosphorylated or activated 
by NIK and acts as a dominant negative inhibitor of inter- 
leukin 1- and tumor necrosis factor-induced NF-kB activation. 
Conversely, a mutant form of IKK-a containing glutamic acid 
at residue 176 is constitutively active. Thus, the phosphory- 
lation of IKK-<* on Ser-176 by NIK may be required for 
cytokine-mediated NF-kB activation. 



Many of the common proinflammatory properties of tumor 
necrosis factor (TNF) and interleukin 1 (IL-1) are mediated by 
the transcription factor NF-kB (1-3). Under normal condi- 
tions, NF-kB exists in a cytoplasmic complex with an inhibitor 
protein IkB (1-3). The activation of NF-kB requires phos- 
phorylation of iKB-a at Ser-32 and Ser-36 (4). This phosphor- 
ylation targets IkB-o for ubiquitination and proteosome- 
rnediated degradation, thereby releasing NF-kB to enter the 
nucleus and activate a series of genes involved in the inflam- 
matory response (5). 

It is now known that NF-kB activation by TNF and IL-I 
involves signal transduction cascades containing several inter- 
mediate signaling proteins. TNF initiates its signaling by 
binding to and trimerizing the type 1 TNF receptor, TNF-R1 
(6, 7). Several cytoplasmic proteins, including TNF-R1- 
associated death domain protein (TRADD) (6), TNF recep- 
tor-associated factor (TRAF2) (8), and receptor-interacting 
protein (RIP) (9), are then recruited to the intracellular 
domain of TNF-R1 where they form an active signaling 
complex. Overexpression of each of these proteins can activate 
the signaling cascade leading to NF-kB activation. On the 
other hand, IL-1 induces the formation of a complex including 
two distinct receptor chains, IL-1RI and IL-lRAcP (10), the 
adaptor protein MyD88 (11), and the protein kinase IRAK 
(12). Following its activation, IL-1 receptor-associated kinase 
(IRAK) is released from the receptor complex (11) and 
associates with TRAF6 (13). 

These distinct TNF and IL-1 pathways merge at the level of 
the protein kinase NF-KB-inducing kinase (NIK) (14). NIK, 
which is a member of the mitogen-activating protein (MAP) 
kinase kinase kinase (MAP3K) family, was originally identi- 
fied as a TRAF2-interacting protein. NIK activates NF-kB 
when overexpressed, and kinase-inactive mutants of NIK 
behave as dominant-negative inhibitors that suppress NF-kB 
activation mediated by TNF, IL-1, TRADD, RIP, TRAF2, 
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TRAF5, and TRAF6 (14, 15). Thus, NIK is a common 
mediator in the NF-kB signaling cascades triggered by TNF 
and IL-1 that acts downstream of the receptor complexes. 
However, NIK is not involved in TNF and IL-l-stimuIated 
kinase pathways that lead to the activation of the Jun N- 
terminal kinase (15). The details of the molecular mecha- 
nism (s) by which NIK itself becomes activated are not yet 
understood. 

In an effort to identify downstream targets of NIK, con- 
served helix-loop-helix ubiquitous kinase (CHUK) was iso- 
lated in a yeast two-hybrid screen (16). CHUK was also 
biochemically purified from TNF-treated HeLa cells by Di- 
Donato et al (17) and by Mercurio et al. (18). CHUK is an 
85-kDa protein kinase of previously unknown function (19). 
CHUK directly associates with, and specifically phosphory- 
lates IKB-a on Ser-32 and -36 (16, 17). A catalytically inactive 
mutant of CHUK is a dominant-negative inhibitor of TNF-, 
IL-1, TRAF2-, TRAF6-, and NIK-induced NF-kB activation 
and CHUK kinase activity is stimulated by cytokine treatment 
(16, 17). Based on these results, CHUK has been redesignated 
as IkB kinase-a (IKK-a). Cells cotransfected with NIK and 
IKK-a display elevated IKK-a activity (16). A second IKK, 
IKK-/3, with 52% amino acid identity to IKK-a, was also 
recently identified (18, 20, 21). IKK-a and IKK-/3 exist in a 
heterocomplex form that is able to interact with NIK (20). 
Thus, IKK-a and IKK-/3 may both represent downstream 
targets of NIK, and all three of these kinases are likely present 
in a large IkB kinase complex of 700-900 kDa (17, 20, 22). 

Because NF-kB can be activated by numerous stimuli, the 
IKK complex may serve as an integration point for signals 
emanating from many different pathways. Although the mo- 
lecular mechanism for activation of this kinase complex is not 
known, IKK-a is likely a downstream target of NIK, because 
NIK coexpression stimulates the ability of IKK-a to phosphor- 
ylate IKB-a. Additionally, a dominant negative form of IKK-a 
blocks NIK-induced NF-kB activation (16, 20), Because NIK 
is a member of the MAP3K family, it may activate downstream 
kinases by specific phosphorylation events similar to other 
MAP3K family members. In this study, we report that KK-a 
is a better substrate than for phosphorylation by NIK 

The primary site of IKK-a phosphorylation by NIK is Ser-176 
in the kinase activation Ioop7 Phosphorylation of this residue 
correlates with activation of IKK-a. 

MATERIALS AND METHODS 

Cell Culture and Biological Reagents. Recombinant human 
TNF and IL-1 were provided by Genentech, Inc. (South San 
Francisco). The anti-FLAG mAb M2 affinity resin and puri- 
fied FLAG peptide were purchased from Eastman Kodak. 
Rabbit anti-FLAG and anti-Myc polyclonal antibodies were 
from Santa Cruz Biotechnology. Human embryonic kidney 



Abbreviations: NIK, NF-KB-inducing kinase; IKK, IkB kinase; TNF, 
tumor necrosis factor; IL, interleukin; MAP, mitogen-activating pro- 
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293 cells, 293/1L-1RI cells (12) and HeLa cells were main- 
tained as described (6). 

Expression Vectors. Mammalian cell expression vectors 
encoding wild-type and kinase-inactive versions of NJK, 
IKK-a, and IKK-/3 have been described (15, 16, 20). IKK- 
o(KA) and IKK-/3(KA) signify lysine to alanine changes at 
amino acid 44 of IKK-a and IKK-/3, respectively. NIK(KA) 
represents lysine to alanine changes at amino acids 429 and 430 
of NIK. The control expression plasmid pRK5, the NF-kB- 
dependent E-selectin-luciferase reporter gene plasmid and 
plasmid RSV-/3-galactosidase were also described (23, 24). 
Expression vectors encoding IKK-a and IKK-/3 mutants with 
alanine or glutamic acid replacing serine and threonine resi- 
dues in the activation loop of IKK-a and IKK-/3 [IKK- 
a(S176A), IKK-a(KA)S176A, IKK-a(S176E), IKK- 
a(T179A), IKK-a(KA)T179A, IKK-a(S180A), IKK- 
a(KA)S180A, IKK-/3(S177A)] were constructed using 
Stratagene Quickchange site-directed mutagenesis kit. All the 
mutations were verified by DNA sequencing analysis, 

Immunoprecipitation, Western Blot Analysis and in Vitro 
Kinase Assays. 293 cells or HeLa cells were transiently trans- 
fected with expression plasmids by using calcium phosphate as 
described (6). Between 24-36 hr later, cells were washed with 
cold PBS and Iysed in Nonidet P-40 lysis buffer containing 50 
inM Hepes (pH 7.6), 250 mM NaCI, 10% glycerol, 1 mM 
EDTA, 0.1% Nonidet P-40, and Complete protease inhibitors 
(Boehringcr Mannheim) (16, 20). Cell lysates were cleared and 
incubated for 2-4 hr at 4 Q C with anti-FLAG M2 antibody resin 
(Kodak), washed extensively with lysis buffer and eluted with 
FLAG peptide (300 /Dtg/ml, Kodak) or not eluted. In vitro 
kinase assays were performed with eluted proteins or immune 
complexes and bacterially synthesized IkB-ck (amino acids 
1-250) proteins (16) in 20 kinase buffer containing 20 mM 
Tris-HCl (pH7.6), 10 mM MgC12, 0.5 mM DTT, 100 /xM ATP, 
and 5 jxCi of [y- 32 P]ATP ( 1 Ci = 37 GBq) at room temperature 
for 30 min (16). Samples were analyzed by 10% SDS/PAGE 
and autoradiography. Immunoblotting analyses were per- 



formed with rabbit polyclonal antibodies and detected by 
alkaline phosphatase-conjugatcd goat-anti-rabbit secondary 
antibody. 

Reporter Assays. For reporter gene assays, 293 cells, 293/ 
IL-1R1 cells, or HeLa cells were seeded into six-well plates. 
Cells were transfected the following day by the calcium phos- 
phate precipitation method with 0.5 /xg E-selectin-luciferase 
reporter gene plasmid, 1 /xg pRSV-j3-gal plasmid, and various 
amounts of each expression construct. The total DNA trans- 
fected (4.5 /xg) was kept constant by supplementation with the 
control vector pRK5. In the NIK and IKK-a synergy experi- 
ments, 0.01 /xg of NIK, IKK-a(WT), and IKK-a(S176A) were 
used for each 35-mm well. After 24 hr, ceils were either left 
untreated or stimulated with IL-I (10 ng/ml), or TNF (100 
ng/ml) for 5 hr prior to harvest. Reporter gene activity was 
determined with the Luciferase Assay System (Promega). The 
results were normalized for transfection efficiency on the basis 
of 0-gal expression. 

RESULTS 

In Vitro Phosphorylation of IKK-a by NIK. NIK directly 
interacts with IKK-a and IKK-/3, and the phosphorylation of 
IkB-o by IKK-a and IKK-jS is enhanced by NIK coexpression 
(16, 20). These results suggest that IKK-a and IKK-/3 may be 
NIK-activated If<B-a kinases that link TNF-and IL-l-induced 
kinase cascades to NF-kB activation. To investigate if IKK-a 
and IKK-0 can be phosphorylated by NIK, we transiently 
expressed FLAG epitope-tagged wild-type or kinase-inactive 
mutants of NIK, IKK-a, and IKK-/3 in human embryonic 
kidney 293 cells (Fig. 1). The epitope-tagged proteins were 
immunoprecipitated with an anti-FLAG antibody, and incu- 
bated with [y- 32 P]ATP. In these assays, wild-type IKK-a, 
IKK-/3, and NIK become autophosphorylated when expressed 
individually, while mutants of all three kinases containing 
lysine-to-alanine (KA) substitutions in their ATP-binding sites 
were not autophosphorylated (16). The IKK-a(KA) and IKK- 
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Fig. 1. In vitro phosphorylation of IKK-a by NIK. (A) Autophosphorylation and phosphorylation of T*B-a by various kinases. 293 cells were 
transiently transfected with expression plasmids encoding FLAG epitope-tagged wild-type or KA mutants of NIK, IKK-a and IKK-/3. Thirty-six 
hours after transfection. extracts were immunoprecipitated with anti-FLAG mAb affinity resin and FLAG-tagged proteins were purified as 
described in Materials and Methods. Purified proteins were incubated with [y- 32 P]ATP in the presence or absence or bacterially synthesized protein 
I*B-a (amino acids 1-250), resolved by SDS/PAGE, and analyzed by autoradiography. The amounts of proteins used in the reactions were 
determined by immunoblotting (wb) with anti-FLAG polyclonal antibodies (Lower). The positions of IKK-a, IKK-/3, and NIK are indicated. (B) 
Phosphorylation of IKK-a(KA) and IKK-^(KA) by NIK. 293 cells were transiently transfected with expression plasmids encoding FLAG 
epitope-tagged wild-type NIK IKK-a(KA), or IKK-0(KA). Purified proteins were incubated with [7- 32 P]ATP, resolved by SDS/PAGE, and 
analyzed by autoradiography. The amounts of proteins used in the reactions were determined by immunoblotting (wb) with anti-FLAG polyclonal 
antibodies (Lower). The positions of IKK-a, IKK-/3, and NIK are indicated. 
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/3(KA) mutants were also unable to phosphorylate IkB-o (Fig. 
\A). 

To examine its ability to phosphorylate IKK-a and IKK-/3, 
we coexpressed NIK with the catalytically inactive IKK mu- 
tants. We found that NIK can phosphorylate IKK-a(KA), but 
only weakly phosphorylates 1KK-)3(KA) (Fig. IB, compare 
lanes I and 3). The kinase-inactive NIK does not phosphory- 
late IKK-a(KA) or IKK-)3(KA) (Fig. IB, lanes 2 and 4). In 
addition, we found that purified, baculovirus-expressed IKK- 
cv(KA) can be phosphorylated by baculovirus-expressed NIK, 
but not by baculovirus-expressed NIK(KA) (data not shown). 

Ser-176 of IKK- a Is Phosphorylated by NIK. Because NIK 
is a MAP3K-related kinase, it may activate a downstream 
kinase or kinases in a manner similar to other members of the 
MAP3K family. MAP3Ks activate MAP2Ks (such as MEK1) 
by phosphorylating serine and threonine residues in the "ac- 
tivation loop" between kinase subdomains VII and VIII 
(25-27). Therefore, we examined serine and threonine resi- 
dues in the activation loop of IKK-a as we have no evidence 
for IKK-a being tyrosine-phosphorylated (unpublished data). 

There are two serines (residues 176 and 180) and a threonine 
(residue 179) in the activation loop of IKK-a (Fig. 2). To test 
if Ser-176, Thr-179, or Ser-180 are phosphorylated by NIK, 
each of these three residues was mutated to alanine in the 
background of the inactive IKK-a(KA) mutant to eliminate 
IKK-a autophosphorylation activity, and tested for phosphor- 
ylation by NIK. Mutation of Ser-176 to alanine [IKK- 
a(S176A)] significantly reduced the phosphorylation of IKK-a 
by NIK, while the T179A and S180A mutants were still 
efficiently phosphorylated (Fig. 3). These results indicate that 
Ser-176 represents the major site of IKK-a phosphorylation by 
NIK. 

Loss of Activation of IKK-«(S176A) by NIK. Because NIK 
can phosphorylate Ser-176 in the activation loop of IKK-a and 
stimulate IkB-« phosphorylation by IKK-a, it is possible that 
Ser-176 phosphorylation may be required for IKK-a activity. 
If so, the phosphorylation of I/cB-a by IKK-a should be greatly 
impaired when Ser-176 of wild-type IKK-a is mutated to 
alanine. IKK-a(S176A) was expressed, purified, and found to 
have greatly reduced activity as measured by both its auto- 
phosphorylation and its ability to phosphorylate I«B-a (Fig. 
44). In contrast, mutation of the equivalent serine in IKK-/3 
results in a kinase, IKK-0(S177A), that is fully active in 
autophosphorylation and in phosphorylation of IkB-« (Fig. 
4B). 
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Fig. 2. Alignment of IKK-a amino acid sequences with several 
kinases in the activation loop region. The D(F/L)G and (A/S)PE 
residues that are characteristic of kinase subdomains VII and VIII are 
shaded. The conserved threonine and tyrosine residues in the TXXY 
motif adjacent to subdomain VIII are also shaded. The activating 
phosphorylation sites in MEK1 (25, 26), MAPK (30), PKA (31), CDK2 
(32), and PKC-a (33) are shown in boldface. The position of the serine 
and threonines residues of IKK-a are indicated. The sequence of the 
activation loop of IKK-/3 is also included. 
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Fig. 3. Ser-176 in the activation loop of IKK-a is a major site of 
phosphorylation by NIK. Individual serine and threonine residues in 
the activation loop of IKK-« kinase domain were mutated to alanine. 
Each IKK-a mutant protein also contained the KA mutation in the 
ATP-binding site to prevent autophosphorylation. 293 cells were 
transiently transfected with expression plasmids encoding the indi- 
cated FLAG epitope-tagged proteins. Thirty-six hours after transfec- 
tion, immunopurified proteins were incubated with [7-^ 2 P]ATP, re- 
solved by SDS/PAGE, and analyzed by autoradiography. The amount 
of protein used in each reaction was determined by immunoblotting 
(wb) with anti-FLAG polyclonal antibodies (Lower). 

To determine whether IKK-a(SI76A) is also defective in 
NF-kB activation, we compared IKK-a and IKK-a(S176A) in 
an NF-kB reporter gene assay in transiently transfected HeLa 
cells. As expected ( 1 6), expression of IKK-a modestly activated 
the NF-kB luciferase reporter gene in a dose-dependent 
manner. Mutation of Ser-176 to alanine abrogated the ability 
of IKK-a to activate NF-kB, similar to the IKK-a(KA) mutant 
(Fig. 4C). 

If phosphorylation of Ser-176 is required to activate IKK-a, 
then mutation of this site should impair the ability of IKK-a to 
be activated by NIK. To test this, we coexpressed either FLAG 
epitope-tagged IKK-a or IKK-a(S176A) with Myc epitope- 
tagged wild-type NIK. We then specifically immunopurified 
the FLAG epitope-tagged IKK-a proteins and assayed them 
for Ii<B~a phosphorylation activity in an in vitro kinase assay. 
The phosphorylation of lKB-a by IKK-a was significantly 
enhanced when IKK-a was stimulated by NIK, but NIK failed 
to activate IKK-a(S176A) kinase activity to a similar extent 
(Fig. 5A). 

The inability of NIK to activate IKK-a(S176A) is not only 
reflected by in vitro kinase assay but is also observed in tissue 
culture cells by using an NF-kB reporter gene assay. As shown 
in Fig. SB, low levels of NIK and IKK-a synergistically acti- 
vated the NF-kB luciferase reporter gene when coexpressed. 
This synergy was not observed when NIK is coexpressed with 
IKK-a(S176A). 

IKK-a(S176A) Is a Dominant Negative Inhibitor of IL-1- 
and TNF-induced NF-kB Activation. IKK-a associates with 
both NIK and IKK-jS (16, 20), Because the IKK-a(S176A) 
mutant is inactive in both kinase and NF-kB reporter assays, 
it might compete with endogenous IKK-a for binding to NIK, 
IKK-j3, or iKB-a and thereby block the activation of NF-kB. To 
test this, we determined the effect of IKK-a(S176A) on IL-l- 
and TNF-induced NF-kB activation in reporter gene assays in 
293/IL-1RI cells. As shown in Fig. 6, overexpression of 
IKK-a(S176A) blocked both IL-1- and TNF-induced reporter 
gene activation in a dose-dependent manner. In addition, 
overexpression of IKK-a(S176A) blocked NIK-, TRAF2-, and 
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FlG. 4. 1KK-«(S176A) has reduced kinase activity and NF-kB activation. (A) IKK-«(S176A) has reduced kinase activity. 293 ceils were 
transiently transfected with the indicated epitope-tagged expression vectors. Thirty-six hours after transfection, IKK-a proteins were immunopu- 
rified with anti-FLAG mAb affinity resin and used in in vitro kinase reactions with IkB-o and [y- 32 P|ATP. {Lower) The protein expression in each 
lane is shown. (B) IKK-/3(S177A) has similar kinase activity as IKK-/3. 293 cells were transiently transfected with the indicated epitope-tagged 
expression vectors. Thirty-six hours after transfection, IKK-j3 proteins were immunopurified with anti-FLAG mAb affinity resin and used in in vitro 
kinase reactions with IkB-a and [7- 32 P]ATP. (Lower) The protein expression in each lane is shown. (C) IKK-«(S176A) is defective in NF-kB 
activation. HeLa cells were transiently cotransfected with an E-selectin-luciferase reporter gene plasmid and vector control or IKK-a expression 
vector as indicated. Twenty-four hours after transfection, luciferase activities were determined and normalized on the basis of /3-gal expression. 
The values shown are averages (±SEM) of duplicate samples for one representative experiment. 



TRAF6-induced reporter gene activation in a dose-dependent 
manner (data not shown). 

Mutation of Ser-176 to Glutamic Acid Activates IKK-a. 

Phosphorylation of IKK-a at Ser-376 introduces negative 
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Fig. 5. Loss of IKK-a(S176A) activation by NIK. (A) Loss of 
IKK-a(SI76A) activation by NIK in kinase assay. 293 cells were 
transiently transfected with expression plasmids for FLAG epitope- 
tagged IKK-a or IKK-«(S176A) and Myc-epitope-tagged NIK. IKK-a 
proteins (and coprecipitating Myc-NIK proteins) were purified with 
anti-FLAG antibodies, and in vitro phosphorylation reactions were 
carried out by using bacterially expressed IkB-g and [y- 32 P]ATP. The 
amounts of protein used were determined by immunoblotting with 
anti-Myc polyclonal antibodies (Middle), and with anti-FLAG poly- 
clonal antibodies (Bottom). (B) Loss of IKK-a(S176A) activation by 
NIK in an NF-kB reporter gene assay. 293 cells were transiently 
cotransfected with an E-selectin-luciferase reporter gene plasmid and 
vector control or IKK-or and NIK expression vectors as indicated. 
Thirty to 36 hr after transfection, luciferase activities were determined 
and normalized on the basis of /3-gal expression. The values shown are 
averages (±SEM) of duplicate samples for one representative exper- 
iment. 



charge into this portion of the protein and results in kinase 
activation. It has been shown that substitution with negatively 
charged amino acids in the activation loop of other kinases can 
mimic activation (26, 27). Therefore we constructed an IKK- 
a(S176E) mutant, which contains glutamic acid at position 
176. We expressed different doses of IKK-a or IKK-a(S176E) 
in HeLa cells, and measured the ability of immunopurified 
IKK-a or IKK-a(S176E) to phosphorylate UB-a. At equiva- 
lent levels of expression, IKK~a(S176E) had significantly 
greater kinase activity than IKK-a, as measured by either 
autophosphorylation or phosphorylation of I*B-a (Fig, 7/4). 
We also compared IKK-a and IKK~a(S176E) in an NF-kB 
reporter gene assay in transiently transfected HeLa cells. 
Mutation of Ser-176 to glutamic acid significantly enhanced 
the ability of IKK-a to activate NF-kB (Fig. IB). 
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Fig. 6. IKK-a(S176A) is a dominant negative inhibitor of IL-1 and 
TNF-induced NF-kB activation. 293/IL-1RI cells were transiently 
cotransfected with an E-selectin-luciferase reporter gene plasmid and 
vector control or IKK-a(S176A) expression vector as indicated. Twen- 
ty-four hours after transfection, cells were either left untreated, or 
stimulated for 6 hr with IL-1 (10 ng/ml) or TNF (100 ng/ml) prior to 
harvest. Luciferase activities were determined and normalized on the 
basis of /3-gal expression. The values shown are averages (±SEM) of 
duplicate samples for one representative experiment. 
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Fig. 7. IKK-«(S176E) is constitutively active. (A) IKK-ot(S176E) has significantly greater activity than IKK-a in kinase assay. HeLa celts were 
transiently transfected with expression plasmids for FLAG epitope-tagged IKK-a or lKK-a(S176E) at different doses. Thirty hours later, IKK-a 
proteins were purified with anti-FLAG antibodies, and in vitro phosphorylation reactions were carried out with bacterially expressed JkB-ot and 
[y-^PJATP. The amounts of protein used were determined by immunoblotting with anti-FLAG antibodies (as shown in the lower panel). (B) 
IKK-a(S176E) has significantly greater activity than IKK-a in an NF-kB reporter gene assay. HeLa cells were transiently cotransfected with an 
E-seleetin-Iuciferase reporter gene plasmid and vector control or IKK-a expression vector as indicated. Twenty-four hours after transfection, 
luciferase activities were determined and normalized on the basis of £~gal expression. The values shown are averages (±SEM) of duplicate samples 
for one representative experiment. (C) IKK-«(S176E) activity is independent of NIK activation. HeLa cells were transiently transfected with 
expression plasmids for FLAG epitope-tagged IKK-a or IKK-a(S176E) and Myc-epitope-tagged NIK. IKK-a proteins were purified with 
anti-FLAG antibodies, and in vitro phosphorylation reactions were carried out by using bacterially expressed IkB-o and [y- 32 P]ATP. The amounts 
of IKK-a protein used were determined by immunoblotting with anti-FLAG antibodies (Lower). 



The IKK-a(S176E) mutant is more active than wild-type 
IKK-cv in both kinase assay and reporter assay. However, it is 
still important to know whether the IKK-a(S176E) mutant can 
be further activated by the upstream kinase NIK. In the 
experiments shown in Fig. 7C, we expressed FLAG epitope- 
tagged wild-type IKK-a or the IKK-a(S176E) mutant together 
with Myc epitope-tagged NIK in HeLa cells. We then mea- 
sured the ability of the immunopurified IKK-a to phosphor- 
ylate recombinant l/<B-a. The activity of wild-type IKK-a was 
strongly enhanced upon activation by the coexpressed NIK 
kinase. In contrast, IKK-a(S176E) mutant was similarly active 
when expressed either with or without NIK, suggesting that 
IKK~a(S176E) activity is independent of upstream activation. 

DISCUSSION 

The TNF- and IL-l-induced NF-kB activation pathways con- 
verge at NIK, a MAP3K-related serine/threonine kinase (14). 
NIK forms a complex with two IKKs, IKK-a and IKK-/3 (16, 
20). IKK-a and IKK-0 are serine/threonine kinases that 
phosphorylate members of the IkB family on two specific 
serine residues in a signal-induced process that is required for 
IkB degradation and NF-kB activation (16-18, 20, 21). In this 
study, we have shown that IKK-a is activated via serine 
phosphorylation by the upstream kinase NIK NIK phosphor- 
ylates IKK-a on Ser-176 that lies in the activation loop (28) 
between subdomains VII and VIII. Mutation of Ser-176 to 
alanine results in a kinase-inactive form of IKK-a that is 
impaired not only in phosphorylating I/<B-a and activating an 
NF-kB reporter gene, but which also can no longer be activated 
by NIK. Conversely, replacement of Ser-176 with glutamic acid 
results in a constitutively active IKK-a whose activity in both 
kinase and NF-kB reporter assays is independent of upstream 
kinase NIK. The importance of Ser-176 is further suggested by 
the ability of the IKK-a(S176A) mutant to block IL-1- and 
TNF-induced NF-kB activation. Although IKK-a can be ac- 
tivated via NIK-mediated phosphorylation on Ser-176, it is 
possible that other kinases may exist that can also phosphor- 
ylate and activate IKK-a. 



The site of the NIK-activating phosphorylation of IKK-a lies 
between kinase subdomains VII and VIII. This phosphoryla- 
tion and activation of IKK-a by NIK is reminiscent of the M AP 
kinase pathway in which the upstream kinases Raf and MEKK 
activate MEK via phosphorylation on Ser-218 and Ser-222 
between kinase subdomains VII and VIII (25-27). MEK then 
activates MAPK by phosphorylating its corresponding activa- 
tion loop on Thr-183 and Tyr-185 (30). The crystal structure 
of MAP kinase demonstrates that the activation loop lies in a 
solvent-exposed portion of the protein and phosphorylation of 
residues in this region can stabilize the kinase in an active 
conformation (28, 29). The spatial conservation of the sites 
activating kinase activity suggests that this mode of regulation 
is strongly conserved, especially among kinases found in signal 
transduction cascades. Activation sites in other related kinases 
might thus be inferred by homology to this region. 

Although IKK-a and IKK-j3 share 52% identity, they are 
differentially phosphorylated by NIK. NIK appears to phos- 
phorylate IKK-a better than IKK-/3, However, we do not know 
if this difference is reflected in biological differences in the 
signaling processes affected by these two kinases. Recent 
experiments suggest that IKK-a and IKK-/3 form a hetero- 
complex that interacts directly with the upstream kinase NIK 
(18, 20, 21). IKK-/3 may be an inherently better iKB-a kinase 
than IKK-a and therefore might not need to be further 
activated by NIK phosphorylation. It is also possible IKK-/3 
may become activated by autophosphorylation when overex- 
pressed. Alternatively, IKK-/3 may also require phosphoryla- 
tion by IKK-a or another kinase to be activated. Mercurio et 
al (16) recently reported that an IKK-j3(SS177, 181EE) mu- 
tant is constitutively active, supporting the view that phos- 
phorylation also plays an important role in the activation of 
IKK-|3. 

IKK-a can be activated by a variety of external stimuli (17). 
Although the activation mechanism of IKK-a is emerging, 
little is known about the IKK-a inactivation process that occurs 
rapidly following the activation (17). It is possible that a 
phosphatase specifically dephosphorylates Ser-176 and inac- 
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tivates IKK-«, or that additional sites on IKK-a become 
dephosphorylated, resulting in enzyme inacttvation. 

We can now fill in additional details to the pathway by which 
TNF binding on the cell surface results in NF-kB activation in 
the nucleus. TNF interaction with TNF-R1 results in receptor 
trimerization and subsequent association with the adaptor 
molecule TRADD via the death domains of both proteins. 
TRADD then recruits TRAF2, RIP, and other signaling 
molecules, resulting in the formation of the TNF-R1 signaling 
complex, in a step that is not yet understood and that may 
require RIP and/or TRAF proteins, NIK becomes activated. 
NIK then phosphoryiates IKK- a (or the a subunit of an 
IKK-a/IKK-0 heterodimer) on Ser-176 in the IKK-a activa- 
tion loop. Once activated by NIK, IKK-a phosphoryiates 
Ser-32 and Ser-36 of iKB-a, signaling IkB-« for degradation, 
and allowing NF-kB translocation to the nucleus. 
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from non-expressors by flow cytometry. Quantitative cell-surface expression 
of inlegrins was determined by flow cytometry^ using human a 5 antibody 
6R at 1:4 dilution of hybridoma supernatant to assay u 5 expression and 
non-inhibitory a nb /3 3 antibody D57 at 1:200 dilution of mouse ascites to 
assay oiubfti expression. Cells expressing a 5 were sorted into three popula- 
tions with different relative expression levels, and cells expressing 
UiihfMPi - 2) were sorted into similar surface-expression profiles to a,i b f3, 
transfected cells. Both ot|i b p 3 and otnt,(3j(|3| .. 2 ) were activated to the high- 
affinity state by incubation with 100u.gml 1 monoclonal antibody 62 
(anti-LIBS2 antibody). 

Adhesion assay. CHO cells were incubated on silaned fibrinogen- or 
fibronectin (Sigma)-coated glass slides for 20min in serum-free OptiMEM 1 
(GIBCO-BRL). The slide was placed in a shear-stress flow chamber' 9 , which 
produces a linear gradient in shear with position along the centre line: 
r w ~ (6jjtQ//j 2 w,)/(l — (z/L)) where t w is the surface shear stress, v the fluid 
viscosity, Q the flow rate, h the channel height, w } the channel width at the 
origin of the flow field, z the distance from the origin along the centre line, and 
I the length of the flow field. PBS with Ca 2+ and Mg 2+ , heated to 37 °C, flowed 
through the chamber for 5 min to detach the cells. Cells in 20 fields along the 
slide were counted before and after flow detachment. Shear stress was 
calculated for each field and converted to shear force (FJ by approximating 
cell morphology as a hemispherical cap, such that F, ~ 2. 1 5Tr(r^ + hr)r w where 
r p is the hemispherical cap radius and h the height. The fraction of cells 
detached as a function of shear force was fit to the integrals of logarithmic 
normal probability density-function distributions to determine the mean shear 
force for detachment of 50% of the cells. Five detachment assays were 
performed for each cell type at each extracellular-matrix concentration, and 
mean detachment forces were averaged. 

Migration assay. CHO cells were incubated on silaned, fibrinogen- or 
fibronectin-coated coverslips for 3h in serum-free OptiMEM 1. Real-time 
digital image processing was used to acquire images and calculate cell centroid 
position as a function of time. The image-processing software (Engineering 
Technology Center, Mystic, CT) identifies cell boundaries from phase-contrast 
images and measures cell centroid position. We scanned 5-10 cells per field in 
1 0 different fields every 1 5 min for 1 2 h. The mean-squared displacement of the 
cell centroid as a function of time was calculated for each cell using non- 
overlapping time intervals. The mean-squared displacements were averaged 
and fit to a persistent random walk model 10 to calculate cell speed, 5, and 
persistence time, P : (d 2 (f)) = 2S 2 P[t - P(\ - e" "*)). 
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MAP3K-related kinase 
involved in NF-kB induction by 
TNF, CD95 and IL-1 

Nikolai L. Mallnin, Mark P. Boldin, Andrei V. Kovalenko & 
David Wailach 

Department of Membrane Research and Biophysics, The Weizmann Institue of 
Science, 76100 Rehovot, Israel 

Several members of the tumour-necrosis/nerve-growth factor 
(TNF/NGF) receptor family activate the transcription factor NF- 
kB through a common adaptor protein, Traf2 (refs 1-5), whereas 
the interleukin 1 type-I receptor activates NF-kB independently of 
Traf2 (ref. 4). We have now cloned a new protein kinase, NIK, 
which binds to Traf2 and stimulates NF-kB activity. This kinase 
shares sequence similarity with several MAPKK kinases. Expres- 
sion in cells of kinase-deficient NIK mutants fails to stimulate NF- 
kB and blocks its induction by TNF, by either of the two TNF 
receptors or by the receptor CD95 (Fas/Apo-1), and by TRADD, 
RIP and MORT1/FADD, which are adaptor proteins that bind to 
these receptors. It also blocked NF-kB induction by interleukin- 1. 
Our findings indicate that NIK participates in an NF-KB-inducing 
signalling cascade common to receptors of the TNF/NGF family 
and to the interleukin- 1 type-I receptor. 

NF-kB, a ubiquitously expressed transcription factor comprising 
a homo- or heterodimer of DNA-binding proteins related to the 
proto-oncogene c-Rel, controls the expression of many immune- 
and inflammatory-response genes. In most cells NF-kB exists in a 
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Figure 1 The known protein-protein interactions through which the TNF 
receptors (p55, or CDi20a, and p75, or CDl20b), CD95 (Fas/Apo-1) and 
CDw121a (the IL-1 type-I receptor) might affect the activity of NIK. 
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latent state in the cytoplasm bound to inhibitory proteins (collec- 
tively called IkB) that mask its nuclear localization signal. The latent 
form can be activated by inducing agents, including several cyto- 
kines that signal for phosphorylation and subsequent degradation 
of IkB (reviewed in ref. 6). Several adaptor proteins are involved in 
the events associated with this cytokine-induced effect, including 
the TRAF proteins (for TNF- receptor-associated factors). These 
proteins share sequence homology at their C-terminal receptor- 
binding regions (TRAF domain), although their binding properties 
and activities differ. One of them, Traf2, binds to the p55 (CD 120a) 
and p75 (CD 120b) TNF receptors, as well as to several other 
receptors of the TNF/NGF receptor family, either directly or 
through other adaptor proteins (Fig. 1). Traf2 is crucial for the 
activation of NF-KBby these receptors 5 ; Traf3 inhibits activation of 
NF-kB by some receptors of the TNF/NGF family 2 , whereas Traf6 is 
required for the induction of NF-kB by interleukin- 1 (IL-])\ a 
cytokine with activities similar to TNF, although it uses a structu- 
rally unrelated receptor. None of the TRAF molecules has enzymatic 
activity. 

Here we describe a new protein with serine/threonine kinase 
activity that binds to Traf2 and takes part in the activation of NF-kB 
by the TNF receptors, by CD95 (also known as Fas/Apo-1, a 
receptor belonging to the TNF/NGF receptor family), and by the 
type- 1 IL- 1 receptor (CDwl21a). This protein has marked sequence 
similarity to several kinases that participate in MAP kinase cascades 
and may itself act in a kinase cascade. 

A partial complementary DNA of this new protein was cloned by 
two-hybrid screening of a human B-cell cDNA library 8,9 using Traf2 
as bait. Employing several steps of the polymerase chain reaction 
(PGR), we then cloned the full-length cDNA from cDNA libraries. 
This cDNA was 4,596 nucleotides long, with an open reading frame 
of 2,841 nucleotides, of which 972 were present in the initially 
cloned partial cDNA. In view of the kinase activity of the protein 
and its ability to stimulate NF-kB (see below), we called it NIK, for 
NF-KB-inducing kinase. 

Two-hybrid testing of the binding properties of NIK (Fig. 2) 
revealed that the initially isolated partial clone of NIK (NIK624- 
947) binds specifically to the C-terminal region (TRAF domain) of 
Traf2. By contrast, binding of full-length NIK to Traf2 involved both 
the TRAF domain and the region upstream of it. NIK did not bind 
to Traf3. Moreover, a chimaeric molecule comprising the TRAF 
domain of Traf2 and the N-terminal part of Traf3 bound NIK624- 
947 but not full-length NIK, confirming that binding of full-length 
NIK to Traf2 involves both the N- and C-terminal regions of Traf2. 
NIK did not self-associate, neither did it bind to the intracellular 
domain of either of the two TNF receptors, nor to CD40 or CD95 
(two receptors that belong to the TNF/NGF family). It did not bind 
to TRADD, MORT1/FADD or RIP, which share a motif (the 'death 5 
domain) that differs from the TRAF domain. These three adaptor 
proteins are involved in the function of the TNF receptors and of 
CD95 and trigger induction of NF-kB (see below), apparently by 
interacting with Traf2 (Fig. 1). 

NIK also bound Traf2 in transfected mammalian cells, where its 
expression was markedly increased upon deletion of its 3' non- 
coding region (Fig, 3). 

Northern blot analysis revealed a single transcript of NIK, 
expressed in various tissues at different and rather low levels, 
whose size ( — 5,000 nucleotides) was similar to that of cloned 
NIK cDNA (Fig. 4a). 

Examination of the predicted amino-acid sequence of NIK (Fig. 
4b) revealed that this protein contains a serine/threonine protein- 
kinase motif, resembling several MAP kinase kinase kinases 
(MAPKKK 9 ; Fig. 4c). In vitro testing of NIK kinase activity indicated 
that the protein can be autophosphorylated, but not when the 
active-site lysine and an adjacent lysine are replaced with alanine 
(NIK KK429-430AA in Fig. 5). 

Overexpression of NIK in 293 EBNA cells induced NF-kB, and to 
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Figure 2 Interaction of NIK with Traf2 in transfected yeast. The binding of NIK and 
its partial clone NIK624-947 to Traf2, Traf2 deletion mutants, Traf3, a chimaera of 
Traf3 (residues 1-239) and Traf2 (residues 224-501), and to specificity controls 
encoded in transfected SFY526 yeast by the Gal4 DNA-binding-domam and 
activation-domain constructs (pGBTtO and pGAD-GH) was assessed by two- 
hybrid p-galactosidase filter assay 15 . Pius and minus signs indicate that strong 
colour develops within 3h and no colour develops within 24 h, respectively. IC, 
intracellular domain. 
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Figure 3 Interaction of NIK with Traf2 within transfected 293-EBNA cells, a, Effect 
of the NIK 3' untranslated region (UTR) on its expression. NIK was expressed and 
metabolicaiiy labelled with 35 S in 293-EBNA cells, with or without its 3' UTR, as a 
fusion protein with the Flag epitope. Immunoprecipitation of the fusion protein 
using anti-Flag antibody is shown, b, Interaction of NIK with Traf2, showing the 
immunoprecipitation of Traf2 fused at its N terminus to the Flag epitope (F!ag- 
Traf2), which was expressed alone or with NIK and metabolicaiiy labelled. 
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Figure 4 NIK transcript and its encoded protein, a, Northern blot of po!y(A)~ RNA 
(2 |xg per lane) from human tissues (Clontech) probed with a cDNA correspond- 
ing to nucleotides 1,259-2,150 in NIK. PBL. peripheral blood leukocytes, b, 
Deduced amino-acid sequence of NIK. Conserved residues in the kinase 
domain 19 are indicated by asterisks. A proline-nch region downstream of the 
kinase domain and an upstream lysine-rich region (which may act as a nuclear 
localization signal) are underlined, c, Collinearamino-acid sequence alignment of 



the kinase domains in NIK, the mouse MEKK1 (ref. 20) and the proteins of cluster 
2032.9 in the CRSeqAnnot database' 1 which includes Stell (ref. 22), Bck1 (ref. 23) 
and Ste8 (also called Byr2; refs 24, 25), yeast proteins that serve as MAPKKK, the 
yeast proteins Cdc7 (ref. 26) and Ssc3 (SwissProt P25390), the mammalian 
oncogene cot (also called the Ewing's sarcoma oncogene or Tpl-2; refs 27, 28) 
which acts as MAPKKK ?9 , and the tobacco Stell homologue NPK1 (ref. 30). 



a greater extent than did overexpression of Traf2. However, NF-kB 
was not activated in cells expressing NIK624-947 or NIK KK429- 
430AA (Fig. 6a, b), indicating that induction by the native molecule 
depends on its kinase function. NIK differs in this respect from RIP, 
which also contains a protein kinase domain yet can still induce NF- 
kB when its kinase activity is abolished by mutation (Fig. 6b). 

The activation of NF-kB upon overexpression of NIK was indis- 
tinguishable from that produced by treatment of cells with TNF. As 
with TNForTraf2 (ref. 2) overexpression, the principal components 
of NIK-activated NF-kB were p50 and p65 (Fig. 7a). NIK over- 



expression caused degradation of IkBgc, and blocking this degrada- 
tion by N-acetyl-Leu-Leu-norleucinal (ALLN) resulted, as with 
TNF, in the accumulation of IkB molecules that migrated more 
slowly in SDS-PAGE and might correspond to phosphorylated 
IkBcx (Fig. 7b, c). 

As shown in Fig. 6, NF-kB can be activated in 293-EBNA cells by 
TNF, as well as by overexpression of CD 120a or CD 120b, or of 
CD 120a with its intracellular domain replaced by that of CD95 
(CD120a-CD95). It can also be activated by overexpression ofTraf2, 
TRADD, RIP or MORT1/FADD, but not by a MORT1/FADD ! 
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deletion mutant lacking the region upstream of the death domain. 
Expression of NIK KK429-430AA or of NIK624-947 in 293-EBNA 
cells blocked induction of NF-kB by all of these agents, indicating 
that NIK activity is involved in the induction (Fig. 6). This 
inhibition correlated with less IkB reduction (Fig. 7c). 

NF-kB is activated by IL-1 as well. This effect, unlike that of the 
TNF receptors and CD95, is little affected by expression of a Traf2 
dominant-negative mutant 4 (Fig. 6b, right), but is inhibited by 
expression of NIK mutants (Fig. 6b, left). However, the NF-kB activity 
observed upon overexpression of the p65 Rel homologue in 293-EBNA 
cells was unaffected by coexpression of kinase-deficient NIK mutants, 
indicating that NIK does not affect the function of Rel proteins 
directly, but participates in their receptor-induced activation. 

The cytotoxic activity of TNF, which is apparently mediated by a 
Mortl/FADD-associated ICE/Ced3 protease (caspase 8/MACH/ 
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Figure 5 NIK kinase activity. Autoradiography of SDS-PAGE to assess the/n vitro 
autophosphorylation of Flag-NIK and Flag-NIK KK429-430AA, immunoprecipi- 
tated from lysates of 293-EBNA ceils that transiently express these proteins, 
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Rgure 7 Rel and IkB molecules affected by NIK. a, Effects of antibodies against 
different Rel homologues on the NIK-induced NF-kB complex. Antisera against 
Rei proteins or, as a control, against IkBq were added in aliquots of 1 \l\ pec 
electromobility-shift assay reaction, b and c, Western blot analysis of IkBu 
expression showing degradation of IkBq or, in cells treated with A/-acetyl-Leu- 
Leu-norleucinal (ALLN; 100 mM for 3 h), accumulation of phosphorylated IkBo, in 
response to NIK expression (b), and inhibition of the degradation of IkBc*. induced 
by TNF (3,000 U m 1 for 30 min) in cells expressing NIK KK429-430AA (c). 
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Figure 6 NIK mediates NF-kB induction by the TNF receptors, CD95 and IL-1. a, 
Electromobility shift assay of NF-kB binding activity demonstrating the activation 
of NF-kB by overexpression of Traf2, NIK or CDl20b in 293-EBNA celis, and 
inhibition of the CD120b-induced effect by coexpression of the kinase-deficient 
partial clone NIK624-947. b, NF-KB-dependent reporter gene activity {HIV LTR- 
luciferase) in 293-EBNA cells treated with TNF (300 U ml - 1 ) or IL-1a (300 U m " 1 ) for 



6h, or in 293-EBNA cells overexpressing the TNF receptors, CDt20a-CD95 or 
their adaptor proteins, or p65 NF-kB subunit; effects of coexpression of NIK 
KK429-430AA or NIK624-947 (left panel), or Traf2 225-501 (right panel}. Data are 
from one of five experiments with similar qualitative results. They are presented in 
terms of luciferase activity relative to that in cells transfected with empty vector 
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FLICE; Fig. 1), is subject to negative regulation by some NF-kB- 
inducible genes (see ref. 10 for example). The antagonizing con- 
sequences of NF-KB-mediated gene induction and caspase 8/ 
MACH/FLICE activation may explain why TNF itself, as well as 
IL-1 (both activate NF-kB), can induce cellular resistance to TNF 
cytotoxicity 1112 . In line with this, we found that expression of NIK 
dominant-negative mutants in 293-EBNA cells significantly 
increased their susceptibility to killing by TNF, and that over- 
expression of wild-type NIK inhibited their killing by TNF or as a 
result of overexpression of CD 120a (data not shown). 

Our findings indicate that the kinase activity of NIK is part of a 
signalling cascade that is responsible for NF-kB activation and is 
common to the TNF receptors CD95 and IL-1, although its exact 
role in this process is not clear. Binding of NIK to Traf2 may allow 
NIK to be affected by both TNF receptors and by CD95 (refs 2,4; Fig. 
I). By analogy with the MAP kinase cascades, NIK may serve as 
substrate for a kinase (MAPKKKK) upon being recruited with Traf2 
to the stimulated receptors, so that when it is phosphorylated it 
phosphorylates and hence activates other kinase(s). The IL-1 -induced 
activation of NF-kB, however, is independent of TRAF2. Perhaps 
activation of NIK by the IL-1 receptor is mediated by IRAK, a serine/ 
threonine kinase that is recruited to the IL-1 receptor after 
stimulation 13 , and by Traf6, which binds IRAK 7 . The target of 
NIK, or of a cascade of kinases activated by it, might be IkB, 
whose phosphorylation facility is unknown. Alternatively, NIK may 
phosphorylate TRAF proteins or regulatory proteins that bind to 
them, for example TANK/I -TRAF 3ll \ creating docking sites for 
other proteins. Identification of the cellular substrates of NIK will 
shed more light on its mechanism of action and its functional 
relationship to known MAP kinase cascades. □ 

Methods 

Metabolic labelling, immunoprecipitation and kinase assay. Proteins were 
expressed by transfecting pcDNA3 expression constructs with the indicated 
cDNAs into human embryonic kidney 293-EBNA cells (5 x 10 6 cells per 
sample). Extracts were prepared 24 h after transfection. Except where otherwise 
indicated, NIK cDNA was expressed without its 3' UTR. Metabolic labelling 
and immunoprecipitation were done as described'^, using cells transfected with 
10p,g NIK expression vector. For analysis of NIK autophosphorylation, cells 
were lysed in 25 mM Tris-HCl, pH 5.7, 150mM NaCI, 1% Triton X- 100, 1 mM 
EDTA, 1 mM EGTA and 20 mM NaE Flag-tagged proteins were immunopre- 
cipitated with anti-Flag affinity gel and then incubated for 20 min at 30 °C in a 
buffer containing 50 mM Tris-HCl, pH 7.5, 1 00 mM NaCI, 6 mM MgCh, 1 mM 
MnCl 2 , ImM DTT and 100 mM [7 32 P]ATP ( 150 mCi |xmol' 1 ), followed by 
SDS-PAGE. 

NF-kB activity measurements. Electromobility-shift assay was done as 
described 16 , using a radiolabeled double-stranded oligonucleotide of sequence 
5' -GATGCCATTGGGGATTTCCTCTTTTGAC-3' . For the reporter gene assay, 
cells were cotransfected with the HIV LTR-luciferase reporter gene plasmid 
(1 p.g) and the NF-KB-inducing-protein (1.5|xg) and NIK-mutant (3 u,g) 
expression vectors. The amount of transfected DNA was kept constant by 
supplementation with 'empty' vector. Overexpression of kinase-deficient 
NIK mutants did not affect the activity of coexpressed luciferase linked to 
the p-actin promoter (not shown), ruling out the possibility that inhibition of 
NF-kB induction by the mutants reflects a cytotoxic effect. 
Western blot analysis of IkB expression. Cells were transfected with 
expression vectors of NIK or NIK KK429-430AA or with empty vector (3 u,g) 
and, for the experiment shown in Fig. 7b, with 1.5 fxg of an expression vector 
for C-terminaUy tagged IkBcx (pcDNA3-Ii<B ctag 17 ) as well. Cell extracts were 
analysed by SDS-PAGE (12%) followed by western blot analysis, using the 
anti-Tag monoclonal antibody SV5-Pk' 8 (Fig. 7b), or rabbit anti-lKBa anti- 
serum (Fig. 7c), and the ECL kit (Amersham). 
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The viability of vertebrate cells depends on survival factors which 
activate signal transduction pathways that suppress apoptosis. 
Defects in anti-apoptotic signalling pathways are implicated in 
many pathologies including cancer, in which apoptosis induced by 
deregulated oncogenes must be forestalled for a tumour to 
become established. Phosphatidylinositol-3-kinase (PI(3)K) is 
involved in the intracellular signal transduction of many receptors 
and has been implicated in the transduction of survival signals in 
neuronal cells 1 . We therefore examined the role of PI(3)K, its 
upstream effector Ras 2 , and its putative downstream protein 
kinase effectors PKB/Akt 34 and p70 S6K (ref. 5) in the modulation 
of apoptosis induced in fibroblasts by the oncoprotein c~Myc, 
Here we show that Ras activation of PI(3)K suppresses c-Myc- 
induced apoptosis through the activation of PKB/Akt but not 
p70 S6K . However, we also found that Ras is an effective promoter of 
apoptosis, through the Raf pathway. Thus Ras activates contra- 
dictory intracellular pathways that modulate cell viability. Induc- 
tion of apoptosis by Ras may be an important factor in limiting 
the expansion of somatic cells that sustain oncogenic ras muta- 
tions. 

In mesenchymal cells, induction of apoptosis by the pervasive 
oncogene c- myc is effectively suppressed by two principal cytokines, 
PDGF and IGF-I (ref. 6). PDGF and IGF-I, along with nerve growth 
factor (NGF) are also potent survival factors for cells of neuronal 
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Reactive oxygen species (ROS) have been demonstrated to act as 
second messengers in a number of signal transduction pathways, 
including NFkB. However, the mechanism(s) by which ROS regu- 
late NFkB remain unclear and controversial. In the present report, 
we describe a mechanism whereby interleukin-1 /i (IL- 1/3) stimula- 
tion of NFkB is partially regulated by H 2 0 2 -mediated activation of 
NIK and subsequent NIK-mediated phosphorylation of IKKa. 
IL-1/3 induced H 2 0 2 production in MCF-7 cells and clearance of 
this ROS through the expression of GPx-1 reduced NFkB transcrip- 
tional activation by inhibiting NIK-mediated phosphorylation of 
IKKa. Although IKKa and 1KK0 were both involved in lL-l/3-me- 
diated activation of NFkB, only the IKKa-dependent component 
was modulated by changes in H 2 0 2 levels. Interestingly, in vitro 
reconstitution experiments demonstrated that NIK was activated 
by a very narrow range of H 2 0 2 (1-10 /xm), whereas higher concen- 
trations (100 fxM to 1 itim) inhibited NIK activity. Treatment of cells 
with the genera! Ser/Thr phosphatase inhibitor (okadaic acid) lead 
to activation of NFkB and enhanced NIK activity as a IKKa kinase, 
suggesting that ROS may directly regulate NIK through the inhibi- 
tion of phosphatases. Recruitment of NIK to TRAF6 following 
IL-1/3 stimulation was inhibited by H 2 0 2 clearance and Racl 
siRNA, suggesting that Rac-dependent NADPH oxidase may be a 
source of ROS required for NIK activation. In summary, our studies 
have demonstrated that redox regulation of NIK by H 2 0 2 is mech- 
anistically important in IL-1/3 induction of NFkB activation. 



Reactive oxygen species (ROS) 2 have been implicated in a number of 
pro-inflammatory signal transduction cascades activated by IL-1/3, 
TNFa, and lipopolysaccharide (1, 2). In this context, ROS have been 
considered second messengers. For example, ROS are generated in 
response to IL- 1/3, TNFa, and lipopolysaccharide (3-S), and clearance 
of intercellular ROS can inhibit the ability of these ligands to activate 
downstream signals, including NFkB (6). I (owevcr, despite the fact that 
ROS have been linked to NFkB activation by certain cytokines, the 
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molecular mechanisms remain poorly defined and controversial (7). In 
the present study, we sought to investigate the molecular mechanism by 
which ROS regulate IL-1/3 induction of NFkB. 

IL-1/3 is a potent pro-inflammatory cytokine that plays an important 
role in immune and inflammatory responses associated with sepsis (8), 
arthritis (9), and cancer (10). Septic shock is a systematic inflammatory 
response to infection that leads to the overproduction of a series of 
pro- inflammatory cytokines. TNFa and 1L- 1/3 are two critical cytokines 
produced during septic shock, which significantly contribute to mor- 
bidity associated with this disease (8, 11), IL-1/3 exerts its pieiotropic 
effects by binding to its receptor (IL-1R1) on the plasma membrane. 
This initiates the IL- 1/3 signaling cascade by activating structural 
changes in the receptor that dock cytoplasmic adaptor and effector 
proteins on the receptor tail (12). The first set of proteins recruited to 
the cytoplasmic tail of 1L-1R1 following ligand binding include 
IL-lRacP, MyD88, and Tollip (13-16). In turn, MyD88 plays an obliga- 
tory role in mediating the recruitment of interleukin-1 receptor-associ- 
ated kinase family members via interactions with its N- terminal death 
domain (15, 17). Once associated with the receptor complex, interleu- 
kin-1 receptor-associated kinase subsequently recruits TRAF6, a mem- 
ber of the TNF receptor-associated factor family of adaptor proteins 
(18). TRAF6 then recruits and activates TAK1 and/or NIK (19), two IKK 
kinases important in NFkB activation. It has also been suggested that 
TAK1 and its regulators, TAB1 and -2, might act upstream of NIK (20). 

The IL-1/3 signaling cascade leads to the activation of several key 
transcription factors that modulate the expression of genes involved in 
immunity and inflammation. These include NFkB, AIM, and p38 
MAPK (21-23). In this context, NFkB is known for its ability to induce 
inflammatory cytokines, inhibit apoptotic pathways, and lead to the 
resolution of inflammation (23-25). NFkB is composed of homo- and 
hetero-dimers of the Rel family of transcription factors. p65 and p50 
subunits represent the most common types of subunits found in the 
activated NFkB complex. Activation of NFkB is controlled by a family of 
IkB inhibitory proteins (IkBc*. IkB/3, and I*Be) that sequester the NFkB 
complex in the cytoplasm by masking its nuclear localization signal. 
Pro-inflammatory stimuli that activate NFkB lead to the phosphoryla- 
tion of IkBcx on two N-terminal serines (Ser-32 and Ser-36). This results 
in the ubiquitination and degradation of IkBq; and the mobilization of 
NFkB to the nucleus where it activates transcription (26). Two IKK 
kinases, IKKa and IKK/3, have the ability to phosphorylate these two 
serines on IkBc* (27, 28). IKKa and IKK/3, together with IKKy, form a 
large complex within the cell (29). 

Kinases known to phosphorylate IKKa and IKK/3 include NIK (30), 
MEKK1 (31), NFKB-activating kinase (32), and TAK1 (19). The NFKB- 
inducing kinase (NIK) is a member of the MAPK kinase kinase family, 
which has Ser/Thr kinase activity. NIK was first identified as a TRAF2 
interacting protein. Further studies found that it could also associate 
with TRAF6 and TRAFS (33). NIK is dedicated to NFkB signaling and 
contributes to the induction of NFkB by both TNFa and IL-1/3 (34). 



JANUARY 20, 2006-VOLUME 281 -NUMBER 3 fljffift 



JOURNAL OF BIOLOGICAL CHEMISTRY 1 495 



Redox Activation of NIK 



NIK has been shown to interact with IKKor in yeast two- hybrid systems 
(35) and has the potential to specifically phosphoryiate IKKc* (36). 

It has been suggested that ROS play an important role in the activa - 
tion of NFkB (37), however, this concept remains controversial (7). 
Various forms of ROS, including superoxide anion (OT) and hydrogen 
peroxide (H 2 0 2 ), have been implicated in ceil signaling. ROS are tightly 
controlled in cells by a group of antioxidant factors, including glutathi- 
one peroxide (GPx), superoxide dismutase (SOD), catalase, peroxire- 
doxins, and small factors such as glutathione and thioredoxin. Among 
these, GPx Is a group of selenoenzymes responsible for reducing various 
hydroperoxides in the presence of the reduced form of glutathione (38). 
At least four GPx isoforms have been identified (39). GPx-1 is the iso- 
form that exists in the cytoplasm, and it uses glutathione to degrade 
H 2 0 2 into water. 

A number of studies have revealed that ROS are involved in IL-1/3 
signal transduction. For example, stimulates ROS generation in a 

number of cell systems (40-42). In addition, studies that have used 
chemical antioxidants, such as diamide, A/- acetyl- i.-cysteine, and phe- 
nylarsine oxide, have shown significant effects on JL- 1 /3-induccd signal- 
ing (43, 44). Although there remain disagreements over the applications 
of these antioxidants that might weaken this argument (7), a number of 
studies have also used specific ROS modulation enzymes to confirm the 
importance of ROS, For example, specific antioxidant enzymes, such as 
GPx-1 and Mn-SOl), have demonstrated strong inhibitory effects on 
TNFtt- or IL-l/3-induced signal transduction (6,45). In addition, factors 
that control ROS generation by cells have been shown to influence 
IL-1/3 induction of NFkB and the transcriptional activation of down- 
stream genes (46, 47), However, the mechanisms of ROS action in the 
IL-1/3 pathway remain poorly defined. 

In this report, we have investigated the role of cellular H 2 0 2 in IL-1/3 
induction of NFkB. Using GPx-i expression to modulate cellular H 2 0 2 , 
we have demonstrated that H 2 O v plays an important role in NIK acti- 
vation of IKKo following IL-1/3 stimulation. We found that H 2 0 2 
imparts its activation on this cascade by promoting TRAF6 association 
with NIK and potentially inhibiting phosphatases that inactivate NIK. 
Kcconstitution experiments demonstrated that a very narrow range of 
H 2 0 2 concentration (1-10 (XM) facilitate NIK activation, whereas 
higher levels of H 2 0 2 inhibit NIK activity. These findings shed light on 
the molecular mechanism by which ROS act to regulate NFkB activa- 
tion by IL-1/3. 

EXPERIMENTAL PROCEDURES 

Recombinant Adenoviral Vector Infection and siRNA Transfection — Ad- 
enoviral infections were performed in serum -free medium for 2 h at an 
m.o.i. of 500 particles/cell, followed by the addition of an equal vol- 
ume of fresh media containing 20% fetal bovine serum. Cells were fed 
with fresh media at 24 h and cells were analyzed at 48 h post-infec- 
tion. These conditions produced >90% transduction with recombi- 
nant adenovirus, as assessed with Ad.CMV-GFP reporter gene 
expression. Fight different types of recombinant adenoviruses were 
used, including: Ad.Bglil (empty control vector that does not express 
a transgene), Ad.NFKBLuc (a NFKB-responsive luciferase reporter 
vector) (48), Ad.GPx-1 (GPx-1 tagged with a c-Myc epitope at the N 
terminus) (6), Ad.IKKa(KM) (a dominant negative mutant form of 
IKKa) (6), Ad.IKKj3(KA) (a dominant negative mutant form of 
IKK/3) (6), Ad.NIK(DN) (a truncated dominant negative NIK adeno- 
viral vector kindly provided by Dr. Robert Schwabe at the University 
of North Carolina) (49, 30), Ad.l*B«AS (an adenoviral vector that 
expresses the antisen.se IkBc* cDNA and activates NFkB by reducing 
levels of the IkBo repressor) (51), and AddKBa(S/A) (an adenoviral 



vector that expresses a dominant negative IkBi* mutant (S32/36A) 
that inhibits NFkB activation by preventing IKK- mediated phospho- 
rylation of IkBo) (52). For NFkB transcriptional luciferase assays, 
MCF-7 cells were infected with Ad.NFtfBLuc at an m.o.i. of 500 
particles/cell 24 h prior to experimental treatments. Human NIK 
siRNA and Racl siRNA were purchased from a library of pre- 
scr eened siRNAs made by Santa Cruz Biotechnology, and transac- 
tions were performed following the manufacturer's protocol. 

Cell Culture and Treatment — MCF-7 cells (a human breast cancer 
cell line obtained from ATCC) were chosen for studies due to their low 
level of endogenous GPx-1. MCF-7 cells were grown in minimal essen- 
tial medium with Fagle's salts and i.-glutamine, 1% minimal essential 
medium non-essential amino acids, 10% fetal bovine serum, 1% penicil- 
lin/streptomycin. For H 2 0 2 treatment, concentrated FLO, (30%) 
(Fisher Scientific, Fair Fawn, NJ) was diluted to 1 M with deionized I UO 
and added to fresh medium at a final concentration of 1 mM. The spent 
medium was removed from MCF-7 cells and quickly replaced with 
medium containing 1 mM I I 2 C) 2 . After incubation at 37 "C for 1 h (or as 
otherwise indicated), the medium was changed to fresh medium with - 
out H 2 0 2 , and incubation of cells at 37 °C was continued. IL-1/3 induc- 
tions were performed using 1 ng/ ml human 1L-1 /3 (R&D Systems, Min- 
neapolis, MN) for the indicated times. Control MCF-7 cells were also 
fed fresh medium but did not receive any treatment. Cells were har- 
vested for luciferase assays at 6 h following H 2 0 2 or IL-1/3 treatments. 
MCF-7 cells were washed twice with ice-cold PBS and were prepared for 
each assay accordingly. 

Western Blots — Cell lysatcs were prepared and normalized for pro- 
tein concentrations using a Bio-Rad Kit (Bio-Rad, Philadelphia, PA). 
Western blotting was performed using standard protocols. In brief, 50 
fig of crude proteins for each condition were separated on a denaturing 
10% SDS-PAGF and transferred to nitrocellulose (Hybond C, Amer- 
sham Biosciences). The membranes were then blocked and probed with 
primary antibody for 1 h at room temperature using dilutions suggested 
by the manufacturer. After being washed with blocking buffer several 
times, the membranes were probed with the appropriate dilution of 
secondary antibody. Immunoreactive proteins were detected using 
either an enhanced chemiluminescence FCL (Amersham Biosciences) 
and exposure to x-ray film, or an Odyssey Infrared Imaging System 
(Ll-COR Biotech, Lincoln, NE). The antibodies against IKKa, IKK/3, 
NIK, GST, FLAG, IL-1R1, MFKK1, and TRAF6 were purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA). Racl antibody was pur- 
chased from BD Transduction Laboratories (Lexington, KY). 

Luciferase Assays— Luciferase activity was measured using a kit from 
Promega (Madison, WI) according to the manufacturer's instructions. 
MCF-7 cells were infected with Ad.NFKBLuc 24 h prior to treatment. 
Ad.NFKBLuc contains the luciferase gene driven by four tandem copies 
ol the NFkB consensus sequence fused to a TAl'A-like promoter from 
the herpes simplex virus thymidine kinase gene. 5 /xg of total protein 
from each sample was used to perform the luciferase assays. 

Immunoprecipitation—Cdl samples were washed with ice-cold PBS 
twice and were lysed with radioimmune precipitation assay buffer (150 
mM NaCl, 50 mM Tris, pH 7.2, 1% deoxycholate, 1% Triton X-100, 0.1% 
SDS) at 4 °C for 30 min. Protein concentrations were determined using 
a Bio-Rad kit and 500 /xg of cellular protein, and 5 fx\ of primary antibody 
was mixed with 1 ml of radioimmune precipitation assay buffer at 4 °C 
for 1 h. Then 50 /x! of Protein-A-agarose beads (Santa Cruz Biotechnol- 
ogy) was added to the mixture, and the mixture was rotated for 4 h. The 
beads were spun down at 5000 rpm for 5 mm at 4 °C and washed with 
ice-cold PBS three times prior to analysis of immunoprecipitates, 
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r IGURt' 1 GPx-1 overexpression reduces NFkB 
transcriptional activity following H 2 0 2 or IL-1 \\ 
treatment of MCF-7 cells. A, MCF-7 cells were 
infocted with Ad.GPx- 1 or the control virus Ad.Bglll 
at. 500 particles/cell. At 48 h post infection, cells 
were treated with IL-1/.4 (1 ng/ml) in the presence 
of H V DCFDA (10 /xm) to detect H 2 0 2 production. 
Treatment conditions are written in each panel. 
4, 6 Diamtdino-2-phenylindoie was included in 
the mounting media for identification of nuclei. B 
and C MCF-7 cells were infected with Ad.GPx -1 or 
the control virus Ad.Bglll at 500 particles/cell. At 
'2A h post infection, cells were then infected with 
Ad.NFxBLuc {500 particles/cell). 24 h after the sec- 
ond infection, cells were treated with H ? 0 ? (1 mw) 
or it- 1/3(1 ng/ml). Cells were harvested for lucifer- 
ase activity assays 6 h after IL-10 [B) or H 2 0 2 {Q 
treatment to quantify NFkB transcriptional activity 
in 5 \iX) of protein lysate. Conditions for infection 
and treatment are indicated below each graph. 
Results depict the mean relative light units per 
minute (riS.E., n 3) as an index of relative NFkB 
activity. 
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/« Vitro Kinase Assay— Kinases (NIK, MEKK1, IKKa, or IKK/3) were 
immunoprecipitatcd with their respective antibodies and then mixed 
with 1 fxg of the appropriate protein substrate (IKKa, IKK/3, or 1kB«) in 
0.3 mM cold ATP, 10 fxO of [y-^P] ATP, and 10 fxl of kinase buffer (40 
mM Hopes, 1 mM j3- glycerophosphate, 1 mM nitrophenol phosphate, 1 
mM Na :i VO,|, 10 mM MgCl 2 , and 2 mM dithiothreitol). Reaction mix- 
tures were incubated at 30 "C for 30 min (or shorter times as indicated), 
and reactions were then terminated by the addition of SDS- PAGE load- 
ing buffer at 98 °C for f> min. Proteins were separated by 10% SOS- PAGE 
and transferred to nitrocellulose membrane and exposed to x-ray film. 

Detection of Cellular ROS Production Using H 2 DCFDA — Stock solu- 
tions of 1 UDCFDA (Molecular Probes, Eugene, OR) were generated in 
Me 2 SO at a concentration of 50 /xg/ml immediately prior to use. Cells 
were washed three times with PBS prior to simultaneous treatment with 
H 2 DCF.DA (10 /xm) and IL-10 (1 ng/ml) for 20 min in PBS at 37 °C in the 
dark. For samples infected with adenoviral vectors or transfected with 
siRNAs, this was done 48 h prior to stimulation with IL- 1/3. When DPI 
(10 ixm) was used to inhibit NADPH oxidases, it was added at the time of 
11,-1/3 stimulation. Cells were washed in PBS at 20 min post-stimulation 
and were then fixed for 10 min in 4% paraformaldehyde. Cells were 
subsequently mounted in 4',6-diamidino-2-phenyIindole containing 
antifadent and were examined by fluorescent microscopy for DCF sig- 
nal. Exposure times were constant for all experimental samples. 

RESULTS 

Cellular H 2 Q 2 Influences IL-1 fi- mediated NFkB Activation — Previ- 
ous studies have demonstrated that IL-1/3 stimulation of various cell 
types leads to cellular ROS production (53-5S). Others have also dem- 
onstrated that H 2 0 2 influences NFkB transcriptional activation follow- 



ing a number of stimuli, including TNF, UV, and 1L- 1/3 (3, 6), Further- 
more, direct treatment of cells with H 2 0 2 has the ability to activate 
NFkB (6, 56, 57). However, one study has also suggested that NFkB 
activation by IL-10 occurs in the absence of induced ROS in epithelial 
cells (42). In the present study, we sought to better understand potential 
mechanisms by which H 2 0 2 influences IL- 1)3- mediated activation of 
NFkB. The MCF-7 breast cancer cell line was chosen for these studies, 
because it expresses a very low level of endogenous GPx-1 (an anti- 
oxidant enzyme responsible for degrading cellular H 2 0 2 to water) and 
enables efficient modulation of cellular H 2 G 2 levels through the over- 
expression of recombinant human GPx-1 (6). 

We first sought to confirm that 1L-1/3 stimulation of MCF-7 cells led 
to an increase in cellular H 2 0 2 . Indeed, our studies demonstrated that 
IL-1/3 stimulation of MCF-7 cells enhanced H 2 DCFDA fluorescence, 
suggesting that H 2 0 2 is elevated following IL-1/3 treatment (Fig. IA). 
Furthermore, infection with recombinant adenovirus expressing GPx-1 
(Ad. GPx-1), but not the control Ad.Bglll empty vector, significantly 
attenuated H 2 DCFDA fluorescence following IL-1/3 stimulation (Fig. 
1A). These findings confirmed that II.- 1 )3 stimulates cellular H 2 O z pro- 
duction in MCF-7 cells and that ectopic expression of GPx-1 could 
successfully modulate the cellular redox environment 

We next evaluated the extent to which GPx-1 expression could mod- 
ulate IL-1/3 induction of NFkB using a NFKB-dependent luciferase 
reporter. Indeed, we observed that IL-1/3 induction of NFkB at 6 h was 
significantly attenuated following infection with Ad.GPx- 1 virus, as 
compared with the infection with an empty adenoviral control vector 
(Ad.Bglll) (Fig. IB). In contrast, ectopic expression of GPx-1 had no 
effect on baseline transcriptional activity of NFkB. As a control for the 
ability of GPx-1 expression to modulate H 2 0 2 induction of NFkB, we 
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FIGURE 2 GPx-1 -mediated clearance of H 2 0 2 
inhibits NFkB activation upstream to l«Ba sta- 
bilization by acting on a pathway that leads to 
IKKor activation. MCF-7 cells were infected with 
(he indicated recombinant adenoviral vectors at 
an m.o.f. of 500 particies/cefl for each virus. After 
24 h, ceils were re-infected with Ad.NFxBLuc for 
24 h at 500 particies/cell prior to direct analysis {A) 
or stimulation with IL-1 /3 (1 ng/ml) (8 and Q. A, the 
ability of antisense \kB<* mRNA expression 
(Ad Jk8u(AS)) to constitutively induce NFkB tran- 
scriptional activation was assessed in the presence 
of Ad.Bgill (control vector) or Ad.GPx-1 co-infec- 
tion, B and C, NFkB transcriptional activation was 
evaluated at 6 h following treatment with IL-1 \\ by 
assessing the relative luciferase activity in 5 /ig of 
protein lysate. In panel B, the mean relative light 
units (Kll//min) (±S.E., n = 3} are given for each 
sample as an index of NFkB transcriptional activa- 
tion. In C, the mean change (±S.E., n = 3) in NFkB 
transcriptional activation following IL-1 stimula- 
tion is given (the baseline level of luciferase activ- 
ity, as determined from Ad.BgllHnfected cells in 
the absence of IL-ljS, was subtracted from all 
experimentally induced values). Statistical com- 
parisons of marked groups using the Student's t 
test are given with p values. 
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performed similar studies in MCF-7 cells transiently treated with 1 niM 
M 2 0 ; for 1 h and assayed for NFkB activation at 6 h. Although GPx-1 
expression inhibited direct Fl 2 C 2 induction of NFkB to a greater extent 
than IL-1/3, the level of inhibition was still incomplete (-50%) (Fig. 1C). 
These results suggested that cellular H 2 G 2 partially contributes to NFkB 
activation by IL-1/3 and that GPx-1 expression more than likely can only 
partially attenuate H 2 0 2 levels in the cell. The ability of GPx-1 expres- 
sion to only partially block cellular Fi 2 G 2 levels is also supported by 
1 U DC FDA experiments (Fig. I A). 

li 2 0 2 Influences NFkB Activation Upstream oflmBa Phosphorylation— 
We next sought to investigate the molecular mechanism through which 
H 2 Q 2 influences IL-l/3-mediated NFkB transcriptional activation. 1kB« 
plays a pivotal role in NFkB activation; phosphorylation of IkBcv on two 
serines (Ser-32/Ser-36) leads to its disassociation from NFkB in the 
cytoplasm, proteasome-dependent degradation of IkBck, and mobiliza- 
tion of NFkB to the nucleus. To evaluate whether H 2 0 2 influences 
NFkB activation downstream of IkBo: {Le. after NFkB dissociates from 
IkBc* and moves to the nucleus), we used an antisense IkBck cDNA 
expressed from recombinant adenovirus (Ad.IttBttfAS)) that represses 
1kB« protein levels and induces nuclear translocation of NFkB (51). As 
previously shown in He La cells (51), infection with Ad.I*Ba(AS) signif- 
icantly reduced the level of IkBw protein in MCF-7 cells (data not 
shown) and led to the induction of NFkB transcriptional activity in the 
absence of cytokine stimulation (Fig. '2A). In the presence of antisense 
IkB« mRNA, overexpression of GPx-1 did not alter NFkB transcrip- 
tional activity, suggesting that H 2 0 2 levels do not directly influence the 
transcriptional activity of the NFkB complex once it has been mobilized 
from IkBq. 

We next sought to evaluate whether H 2 0 2 might influence 1L- 1/3- de- 
pendent NFkB activation by regulating factors thatphosphorylate UBa, 



Indeed, the majority of NFkB activation following IL-1/3 stimulation is 
mediated by IkB« serine phosphorylation, as indicated by a nearly com- 
plete block in NFkB activation by adenoviral expression of the dominant 
negative 1kB« mutant (lKBaS32/36A) (Fig. IB). Furthermore, overex- 
pression of GPx-1 and 1kB«S32/36A gave a similar level of inhibition as 
seen with IkB<*S32/36A alone, suggesting that GPx-1 regulates compo- 
nents of the NFkB pathway upstream of IkB«. Based on previous 
reports for other stimuli demonstrating redox- dependent activation of 
the IKK complex (6, 48, 58-61), we reasoned that H 2 0 2 might also 
influence activation of the IKK complex following IL-1/3 stimulation. 

To approach this question, we used two dominant negative adenovi- 
ral vectors that express mutant forms of cither the lKKa (Ad.IKKaKM) 
or IKK/3 (Ad.IKK/3KA) subunits of the IKK complex. Results from these 
analyses demonstrated that Ad.IKKaKM or Ad.lKK/3KA infection of 
MCF-7 cells inhibited -50% of lL-l/3-dependent NFkB activation (Fig. 
2C). The level of inhibition observed by overexpression of GPx-1 was 
similar to that seen with IKKocKM and slightly less than that seen with 
IKK/3KA. Co-infection with Ad.lKKaKM and Ad.lKKjSKA gave nearly 
complete inhibition of NFkB activation, suggesting that these two sub- 
units of the IKK complex primarily control NFkB activation by IL-1/3. 
To address whether GPx-1 -sensitive signaling was directed through 
IKKa or IKK/3, we performed co-expressing studies with each of these 
IKK mutants and GPx-1. We reasoned that if H 2 O a influenced IKKa 
activation, inhibition of NFkB in the presence of IKKaKM would be 
unaffected by GPx-1 co-expression. Furthermore, if this hypothesis was 
true, we would expect to observe enhanced inhibition of NFkB follow- 
ing co-infection with Ad.lKKjSKA plus Ad. GPx-1, as compared with 
Ad.lKKjSKA or Ad. GPx-1 infection alone. The reverse scenario would 
be true if H 2 0 2 selectively influenced IKK/3 activation {Le. Ad.lKKaKM 
plus Ad. GPx-1 infection would provide an enhanced level of inhibition, 
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FIGURE 3 IL-1 /3 or H 2 0 2 treatment of MCF-7 cells Induces IKKer and IKK/3 kinase 
activity. A and B, MCF-7 cells were treated with IL-1/3 (1 ng/ml, panel A) or H 2 0 2 (1 itim, 
panel 8) and harvested at different time points after treatments for in vitro analysts of IKK 
kinase activities using GST-IkB« as a substrate. Cell lysates were incubated with anti-IKKn 
or anli-IKK/j antibodies and immunoprecipitates were then incubated with [y- 32 P]ATP 
and GST-UBtv for 30 min at 30 X. The reactions were terminated by the addition of SDS 
loading buffer and resolved by SDS-PAGE. Gels were transferred to nitrocellulose mem- 
brane and analyzed by autoradiography. C, Western blots of immunoprecipitated com 
plexes from IL-1/3- treated MCF-7 cells in panel A using different antibodies that recognize 
IKKfi or both lKK/3/IKKa-. Note: anti-IKK« and anti-IKK£! antibodies used in panels A and B 
are suitable for trnmunoprecipitations and specific for IKKf> or IKK/3, respectively. The 
ami - IKK/3 antibody used for Western blotting has cross-reactivity with IKKa, whereas the 
anti-IKKrr antibody is specific for IKKr*. 



as compared with each vector alone). Our results from these experi- 
ments (Fig. 2C) demonstrated significant synergism in the inhibition of 
IL- 1 /^-dependent NFkB activation in the presence of both IKK/3KA and 
GPx-1 expression, as compared with each individually, fn contrast, inhi- 
bition of NFkB was similar following IKKoKM plus GPx-1 overexpres- 
sion, as compared with expression of IKKaKM or GPx-1 alone (Fig. 2Q. 
These findings suggest that GPx-1 acts to inhibit IKKo, but not IKK/3, 
activation following IL-l/3 stimulation. Because both IKKa and IKK/3 
contribute to NFkB activation by IL-lp, we conclude that ROS control 
only half of the NFkB activation pathways in response to IL-l/3. 

H,0 2 Regulates IKK Kinase Activity -—Given that GPx-I expression 
appeared to modulate IKKa activation following IL-l/3 stimulation, we 
next sought to directly confirm that H 2 C) 2 could activate the IKK com- 
plex in vivo. To this end, we used in vitro kinase assays to monitor IKK 
activity following IL- 1/3 stimulation and compared these results to that 
observed following direct H 2 0 2 stimulation of MCF-7 cells. This assay 
utilized immunoprecipitated IKKa or IKK/3, followed by in vitro phos- 
phorylation of GSTTkBo in the presence of [y-'* 2 p]ATP. Following 
IL- l/3 stimulation, both IKKa and IKK/3 kinase activities were substan- 
tially increased, peaking at —15-30 min following stimulation (Fig. 3/1). 
The total cellular protein levels of both kinases were also examined, and 
no changes occurred following IL-l/3 stimulation (Fig. 3Q. However, 
because IKKa and IKK/3 form a complex in vivo (as evident by immu- 
noprecipitation oflKKawith an IKK/3-specific antibody, Fig. 30, it was 
impossible to separate the extent to which IKKa and/or IKK/3 was acti- 
vated in the l.KK complex. Similar changes in IKKa- and IKK/3 -medi- 
ated GST-IkBoc phosphorylation were seen following treatment of cells 
with 1 m.M H 2 0 2 (Fig. 3B). Collectively, these studies demonstrated that 



MX), can directly activate the IKK complex in vivo and suggested a 
plausible mechanism for I L- 1/3- induced regulation of NFkB. 

H 2 0 2 dependent Activation of NIK Cot} tributes to NFkB Activation 
by 7/.-7/3— We next sought to investigate the molecular mechanism by 
which H-iOo preferentially modulated IKKa following IL-l/3 stimula- 
tion. Previous reports have implicated the redox-dependent activation 
of NIK following H 2 G : , treatment of cells (62). Furthermore, NIK has 
previously been demonstrated to preferentially phosphorylate IKKa 
over IKK/3 (36). Hence, NIK was an obvious potential candidate for the 
redox regulation of NFkB by IL-i/3. To investigate the involvement of 
NIK in NFkB activation following IL - 1/3 stimulation, we utilized a dom- 
inant negative NIK mutant (49, 50). Adenovirus' mediated expression of 
this NIK mutant in MCF-7 cells (Fig. 4/\) Significantly inhibited both 
H 2 () 2 - and IL-l/3-mediated activation of NFkB (Fig. 4#). To evaluate 
whether the GPx-1 -sensitive component of NFkB activation by IL-l/3 
was mediated through NIK, we performed co- infect ion experiments 
with Ad.NlK(DN) and Ad.GPx- 1 virus. Results from these experiments 
demonstrated that expression of dominant negative NIK or GPx-1 sig- 
nificantly inhibited NFkB activation to similar extents following FLCX 
(Fig. 4C) or IL-l/3 stimulation (Fig. 4D). Importantly, the level of NFkB 
inhibition seen following combined infection of cells with Ad.NlK(DN) 
and Ad. GPx-1 virus was similar to that seen following infection with 
each vector alone for both H 2 0 2 (Fig. 4C) and IL-l/3 (Fig. 4D) stimula- 
tions. These results support the hypothesis that H 2 G 2 activation of NIK 
plays an important role in NFkB activation by IL-l/3. 

Redox Activation of NIK Preferentialiy Regulates IKKa following 
IL~ I Stimulation— Our data thus far have implicated NIK in the redox- 
dependent activation of NFkB by IL-l/3. Furthermore, our results sug- 
gest that activation of IKKa was involved in this pathway of redox acti- 
vation. To this end, we hypothesized that H 2 0 2 activation of NIK 
enhanced its ability to phosphorylate IKKa, Given the apparent speci- 
ficity of the redox component of IL- 1/3 signaling for the IKKa subunit of 
the IKK complex (Fig. 2C), we first sought to evaluate whether NIK 
specifically controlled IKKa activation in response to IL-l/3 or FLO, 
stimulation. To this end, we generated bacterial GST fusion proteins for 
both IKKa and IKK/3 and evaluated the ability of NIK to phosphorylate 
these two proteins following IL-l/3 or H 2 0 2 stimulation. Generation of 
full-length IKKa and IKK/3 GST fusion protein was not successful due 
to bacterial toxicity. As an alternative strategy, we generated truncated 
IKKa and IKK/3 GST fusion proteins that comprised their respective 
activation domains phosphorylated by IKK kinases. For IKKa, this 
region included the sequence between GIy-131 to Trp-205, a 75- amino 
acid peptide containing Ser-176 and Ser-180 sites known to be phos- 
phorylated and critical for IKKa activity. Similarly, an IKK/3 fusion was 
generated from Ala-132 to Trp-206. This 75-amtno acid peptide con- 
tained Ser-177 and Ser-181 sites known to be phosphorylated and crit - 
ical for IKK/3 activity (Fig. SA). These two fusion proteins were purified 
(Fig. SB) and used for in vitro kinase assays following H 2 0, or IL-l/3 
treatment. Results from these studies demonstrated that H 2 0 2 and 
IL-l/3 treatments stimulated immunoprecipitated NIK to phosphoryl- 
ate GST-lKKa, but not GST-IKK/3 (Fig. 5C). Furthermore, the extent of 
NIK activation by these two stimuli (Fig. SC) was reflected in their 
respective abilities to activate NFkB in transcriptional assays (Fig. 4/5) 
{i.e. IL-l/3 > H 2 0 2 ). To confirm that the inability of NIK to phospho- 
rylate GST-IKK/3 was not the result of poor fusion protein quality, we 
evaluated the ability of MEKK1 to phosphorylate GST- IKK/3 following 
TNF« treatment. MEKK1 has been shown to preferentially phospho- 
rylate IKK/3 (36). Indeed, immunoprecipitated MEKK1, from TNFo- 
treated cells, had a greater ability to phosphorylate GST-IKK/3 as com- 
pared with GST- IKKa (Fig. SC). These results confirmed that both 
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FIGURE 4 Adenovirus-rnediated expression of a 
dominant negative NIK mutant reduces NFk-B 
transcriptional activation following H 2 0 2 or 
IL-10 treatment of MCF-7 cells. A, MCF-7 cells 
were infected at an m.o.i. of 500 particles/cell with 
Ad.NIK(DN) or Ad.LacZ (negative control) adenovi- 
ral vectors. At 48 h post-infection, total cell lysates 
were prepared and analyzed by Western blotting 
to detect the HA-tagged NIK mutant. 8, the effect 
of NIK(DN) overexpression on NFkB transcrip- 
tional activation following H 2 0 2 or IL-1jtJ treat- 
ment was evaluated in MCF-7 cells using a NFkB 
driving luciferase reporter assay. MCF-7 cells were 
infected with Ad.NIK(DN) or Ad.Bglll (control virus) 
at 500 particles/cell. At 24 h post-infection, cells 
were reinfected with Ad.NFKBLuc (500 particles/ 
eel!) for an additional 24 h prior to stimulation with 
H^O ? (1 mM) or IL-1/3 (1 ng/ml). Cells were har- 
vested for luciferase activity assays 6 h after treat- 
ments to quantify NFkB transcriptional activity. 
Results depict the mean relative luciferase units 
{RLU) per minute (±S.E. ( n - 3). C and D, MCF-7 
ceils were infected with Ad.Bglll, Ad.GPx-1, and/or 
Ad.NIK(DN) at an m.o.i. of 500 particles/cell of each 
virus. At 24 h post-infection, cells were re infected 
with Ad.NFKBLuc (500 particles/cell) for an addi- 
tional 24 h prior to stimulation with H 2 0 2 (1 miw) or 
IL-1£ (1 ng/ml). Cells were harvested 6 h after 
treatment, and luciferase activity was determined. 
Results depict the mean change (±S.E„ n ~ 3) in 
NFkB transcriptional activation following IL 1/3 
and H ? 0 2 stimulation. Paired comparisons (Vt) 
demonstrated significant differences (p < 0.05), as 
assessed by the Student's f test. 
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GSJ-IKK/3 and GST-IKKa were receptive kinase substrates and dem- 
onstrated that IF- 1/3 and H 2 0 2 treatments stimulate NIK to preferen- 
tially phosphorylate lKKce. 

To provide further evidence that NIK predominantly signals through 
IKK« in the context of IL-l/3-stimuIated NFkB activation in vivo, we 
investigated whether expression of dominant negative NIK enhanced 
inhibition of NFkB in the presence of IKKaKM or IKK/3 KA dominant 
mutants. Results from these experiments (Fig. SD) demonstrated that 
Ad.NIK(DN) infection was only able to augment inhibition of IL-1/3- 
mcdiatcd NFkB activation in the presence of Ad.lKKjSKA but not 
Ad.IKKwKM. These results mirrored those seen following co-infection 
with the IKK mutants and GPx-1 (Fig. 2C), suggesting that NIK acts 
predominantly through IKKa, but not IKK/3, in vivo following IL-1/3 
stimulation to induce NFkB. 

To directly evaluate the redox dependence of NIK activation follow- 
ing IL-1/3 stimulation, we next asked whether GPx-1 overexpression 
inhibited the ability of NIK to phosphorylate GST-IKKt* in an in vitro 
kinase assay. As a control, we first tested whether activation of NIK, 
following treatment of MCF-7 cells with R,0 2 , would be inhibited by 
GPx-1 overexpression. Indeed, as shown in Fig. SE, immunoprecipi- 
tated NIK from H 2 0 2 -treated cells had significantly attenuated GST- 
IKKck kinase activity following Ad. GPx-1 infection. Similarly, IL-1/3- 
stimulated NIK kinase activity was significantly reduced in the presence 
of GPx-1 expression (Fig. 5£). Cumulatively, these data provide strong 
support that NIK activation following lL~lj3 stimulation is redox regu- 
lated by H 2 <3 2 . 

Narrow Ranges of H 2 0 2 Facilitate NIK Activation in the Presence of 
Other Cellular Factors— We hypothesized that H 2 C) 2 might enhance 
NIK activation during IL-ljS signaling through one of three mecha- 



nisms: lj by direct action of H ? p : , on NIK to enhance its kinase activity, 
2) by activating unknown redox efl ectors within the cell that activate 
NIK, and/or 3) through H 2 0 2 -medialed inhibition of phosphatases that 
inactivate NIK. To approach the first hypothesis, we attempted to 
directly activate immunoprecipitated NIK from unstimulated MCF-7 
cells with increasing concentrations of H 2 0 2 . Results from these exper- 
iments demonstrated that a very narrow range (1-10 /xm) of H 2 0 2 was 
capable of activating NIK to phosphorylate GST-lKKo in vitro (Fig. 6A, 
compare lanes 2 and 3 to lane 6). Higher concentrations of H 2 G 2 (100 
/am and 1 mM) did not give rise to NIK activation in this assay {lanes 4 
and 5). However, the extent of NIK activation following in vitro treat- 
ment with 1-10 lam H 2 Q 2 was still significantly lower than the level of 
NIK activation seen following direct treatment of MCF-7 cells with 1 
mM H 2 0 2 for 30 min (Fig. 6A, lane /). These findings support the notion 
that other cellular factors may be required to facilitate the redox-de- 
pendent activation of NIK and that these factors are predominantly lost 
during the immunoprecipitation of inactive NIK. 

To test whether other cellular factors were required for the H 2 O r de- 
pendent activation of NIK, we performed in vitro NIK activation assays 
in crude cell lysates harvested from both untreated and H 2 G 2 treated 
MCF-7 cells. Crude lysates were first treated with 1 (AM to 1 mM H 2 0 2 
for 30 min, and then NIK was immunoprecipitated and assayed for its 
ability to phosphorylate GST-IKKcv. Crude lysates generated from cells 
treated with 1 mM H 2 0 2 served as an internal control for the maximal 
achievable NIK activation at each in vitro concentration of H 2 0 2 used to 
stimulate NIK in crude lysates. Several interesting findings emerged 
from these studies (Fig. 6B). First, as seen following in vitro exposure of 
immunoprecipitated NIK (Fig. 6A, lanes 2 and 3), only 1 and 10 /xM 
concentrations of H 2 0 2 were able to activate NIK in crude lysates from 
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FIGURE S. Redox activation of NIK preferentially 
regulates IKKa-mediated induction of NFkB 
following H 2 0 3 or 11-1/3 treatment of MCF-7 
cells. A, diagram of bacteriai-derived GST-IKK 
fusion proteins used for assessing IKK kinase activ- 
ities in relationship to the full-length IKK proteins. 
The activation domains that contain Ser phospho- 
rylation sites (*) are gray, and GST is black. For IKKrt, 
a 75 amino acid fragment (from Giy-131 to Trp- 
205) within its activation domain was used (Ser- 

176 and SeM80 are phosphorylation sites). For 
IKKp\ a 75-amino acid fragment (from Ala- 132 to 
Trp-206) in the activation domain was used (Ser- 

1 77 and Ser- 1 8 1 are known phosphorylation sites}. 
8, SDS PAGE Coomassie Blue gel of purified GST 
fusion proteins. C, immunoprecipitated {IP) NIK or 
MEKKt from MCF 7 cells treated with H 2 0 2 (1 mM), 
IL ng/ml), or TNFa (0.5 ng/mi) for the indi- 
cated times was used in an in vitro kinase assay 
with !y "PSATP and GST-IKKa or GST-IKKjS. Sam- 
ples were resolved by SDS-PAGE and transferred 
to nitrocellulose membrane. Membranes were 
then analyzed by autoradiography followed by 
Western blotting with anti-GST. D, MCF 7 cells 
were co-infected with Ad.NIK(DN) and 
Ad.lKMKM) or Ad.lKK0(KA) at an m.o.i. of 500 par- 
ticles/cell of each virus. Ad.Bglll infection was used 
as a negative control. At 24 h post-infection, cells 
were re infected with Ad.NF*BLuc (500 particles/ 
ceil) for an additional 24 h prior to stimulation with 
11-1/3(1 ng/ml) for 6 h. Cells were then harvested, 
and iuciferase activity was determined as an index 
of NFkB transcriptional activity. Results depict the 
mean change ( + $£., n - 3) in NFkB transcriptional 
activation following IL-1/3 stimulation. Statistical 
comparisons using the Student's t test are marked 
for p value grouped comparisons. E, MCF-7 cells 
were infected with Ad.GPx-1 or Ad.Bglll at 500 par- 
ticles/cell. At 48 h post-infection, cells were treated 
with H 2 0, (1 mM) or IL-1/3 (1 ng/ml) for 30 min and 
lysates were prepared for in vitro kinase assays. NIK 
was immunoprecipitated and then incubated 
with [ y- 3? P]ATP and GST-IKK« for 30 min at 30 °C in 
kinase buffer. The reactions were analyzed by SDS- 
PAGE and transferred to nitrocellulose membrane 
prior to autoradiography. 
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unstimulated ceils (Fig. 6B, compare lanes 8 and 10 to lane 2). Exposure 
of unstimulated crude lysatcs to 10 /mm H 2 0 2 (lane 8) achieved a similar 
level of activation as seen following in vivo exposure of cells to 1 mM 
1 [ 2 0 2 (lane J). Second, exposure of crude lysatcs to higher concentra- 
tions of J l 2 () 2 (100 /xM and 1 mM), inhibited NIK activation, as evident 
by a decline in phosphoryiated GST- IKKa in samples derived from cells 
pretreated with 1 mM H 2 0 2 (compare lanes /, 7, and 9 to lanes 3 and 5). 
This inhibition was also evident in lysates derived from untreated cells 
treated with increasing concentrations of H 2 C> 2 (compare lanes 4, 6, 8, 
and 10). In summary, these results substantiate the findings that only 
very narrow ranges of H 2 0 2 can activate NIK and that unknown cyto- 
plasmic factors enhance the redox-dependent activation of NIK. 

The above studies suggested that H 2 0 2 was able to activate NIK to 
phosphorylate IKKa. However, an alternative possibility was that some 
other unknown redox - regulated IKK a kinases (Le. TAK1, etc.) might 
associate with NIK and thereby co-immunoprecipitate in our kinase 
assays and complicate the assignment of GST-lKKa phosphorylation to 
NIK. To formally address this possibility, we expressed FLAG' tagged 
wild type NIK (WT-NIKJ or the dominant negative NIK mutant (DN- 
NIK) and assessed IKKa kinase activity following immunoprecipitation 
of the FLAG tag from H 2 C> 2 - treated MCF-7 cell lysates. We reasoned 
that if H 2 0 2 activated an alternative IKKa kinase that associated with 



NIK. this would be revealed as residual H 2 0 2 -induced IKKa kinase 
activity in precipitates of the kinase- dead DN-N IK mutant. Results from 
these experiments are shown in Fig. 6C Immunoprecipitated FLAG- 
tagged WT-N1K demonstrated a significant increase in its ability to 
phosphorylate GST-lKKa following H 2 Q 2 treatment (Fig. 6C, compare 
lanes 7 to 8). This level of IKKa kinase activity was similar to what had 
been seen following immunoprecipitation of endogenous NIK (com- 
pare lanes 1 to 2). In contrast, FLAG immunoprecipitates from LacZ 
(negative control without a FLAG tag) or FLAG-tagged DN-NIK trans- 
fee ted cells tailed to demonstrate H 2 0 2 - induced IKKa kinase activity 
(lanes 3-6). These studies suggest that other H 2 O r activated IKKa 
kinases likely do not associate with NIK. However, given that the DN- 
NIK construct is a truncation mutant (49, 50), we cannot currently rule 
out that an alternative IKKa kinase might associate with the deleted 
region of NIK. However, we failed to see TAK1 (a known alternative 
IKKa kinase) association with NIK in MCF-7 cells prior to or following 
IL-1 or H 2 0 2 treatment (data not shown), suggesting that if this occurs 
it does not involve TAK1. 

The third potential mechanism by which H 2 C) 2 might enhance NIK 
activation during IL- 1)3 signaling includes H 2 C),- mediated inhibition of 
phosphatases that inactivate NIK. NIK is known for its ability to auto- 
phosphorylate, so redox regulation by phosphatases seems reasonable 
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FIGURE 6. H 2 0 2 can directly activate NIK to 
phosphorylate IKKa in the presence of cellular 
lysate. The ability of H 2 0 2 to activate IKKa kinase 
activity of NIK was evaluated using in vitro recon- 
stituuon experiments with immunoprecipitated 
NIK, A, NIK was immunoprecipitated from 
untreated MCF-7 cell lysates and exposed to 
increasing concentrations of H 2 0 2 in vitro for 30 
min prior to performing GST-IKKa kinase assays 
{lanes 2-6). As a positive control, NIK was also 
immunoprecipitated from MCF-7 cell lysates fol- 
lowing an in vivo 30 min treatment with 1 itim H^O^ 
(lane /). The reactions were analyzed by SDS-PAGE 
and transferred to nitrocellulose membrane prior 
to autoradiography. B, whole cell lysates were 
generated from MCF-7 cells exposed to an in vivo 
30-min treatment with 1 him H 2 0 2 {odd- numbered 
lanes) or following no treatment {even-numbered 
lanes) as marked. These crude iysates were then 
exposed to increasing concentrations of H 2 0 2 in 
vitro for 30 min as indicated. NIK was then immu- 
noprecipitated and in vitro kinase assays were per- 
formed in the presence of [y- 32 P]ATP and GST- 
IKKnr for 30 min at 30 °C The reactions were 
analyzed by SDS-PAGE and transferred to nitrocel- 
lulose membrane prior to autoradiography. C, 
MCF-7 cells were transfected with LacZ (negative 
control), FLAG-tagged wiid-type NIK, or FLAG- 
tagged dominant negative NIK plasmid expres- 
sion constructs 48 h prior to treatment with H ? 0 2 
(1 rrtM) for 30 min. Cell lysates were prepared and 
endogenous NIK or recombinant NIK was immu- 
noprecipitated with anti-NIK or anti-FLAG anti- 
bodies, respectively. Immunoprecipitated NIK was 
then used for in vitro kinase assays with [y- 3? P] ATP 
and GST-IKKa:. The reactions were analyzed by 
SDS-PAGE and transferred to nitrocellulose mem- 
brane prior to autoradiography and Western blot- 
ting to detect FLAG and NIK. 
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(62). Although it is well recognized that H 2 0 2 -dependent inactivation of 
phosphatases plays important roles in signaling (45, 63), information on 
phosphatase regulation of NIK is lacking. To approach this question we 
assessed the effects of okadaic acid (a general Ser/Thr phosphatase 
inhibitor) on both NFkB activation and the activation of NIK to phos- 
phorylate GST-IKKa. Indeed, treatment of cells with increasing con- 
centrations of okadaic acid significantly increased the transcriptional 
activation of NFkB in MCF-7 cells (Fig. 7A). Similarly, okadaic acid 
treatment of MCF-7 cells significantly enhanced the IKKa kinase acti v- 
ity of immunoprecipitated NIK (Fig. IB) and also enhanced the associ- 
ation of NIK with TRAF6 (Fig. 7C, compare lanes I and 7). These find- 
ings suggest that certain Ser/Thr phosphatases may indeed play a role in 
NIK activation and its association with TRAF6; as such, Ser/Thr phos- 
phatases are potential targets of H 2 O r mediated inhibition following 
i 1-1/3 stimulation. 

H 3 O u Modulates NIK Association with TRAF6— Results thus far have 
demonstrated that IL-l/3-mediated activation of NIK leads to enhanced 
IKKa phosphorylation and is partially responsible for activation of 
N'FkB. In vitro, the process of NIK activation by H 2 G 2 appears to require 
unknown cellular factors and may also involve inhibition of phosphata- 
ses in vivo. TRAF6, which recruits NIK to the 1L- 1 receptor complex, is 
an integral part of generating an active IKKa kinase complex following 
iL-1/3 stimulation (64). To this end, we sought to investigate whether 
H 2 0 2 modulated the association of NIK with TRAF6. Such a mecha- 
nism could explain why cell lysate was required for maximal H 2 0 2 - 
mediated activation of immunoprecipitated NIK (Fig. 6, A and B), We 
evaluated the extent to which IL-1/3 or H 2 Q 2 treatment enhanced the 



association of NIK with immunoprecipitated TRAF6. Results from 
these experiments demonstrated that iL-1/3 or H 2 C) 2 stimulation of 
MCF-7 cells increased the association of NIK with TRAF6 (Fig. 7C). 
Furthermore, degradation of H 2 C) 2 by GPx-1 expression inhibited this 
association (Fig. 7C, lanes 3 versus 4 and lanes 5 versus 6). As expected, 
the increased association between TRAF6 and NIK promoted by phos- 
phatase inhibition (i.e. OA treatment) was unaffected by GPx-1- medi- 
ated clearance of H 2 C) 2 (Fig. 7C, lanes 7 versus S). Together with earlier 
studies, these experiments provide strong support that H 2 C) 2 regulates 
NIK activity by modulating the association between NIK and TRAF6. 

Racl and NADPH Oxidase Control the Redox- dependent Association 
of NIK with TRAF6- The source of ROS generation following IL-1/3 
stimulation remains complex and controversial. Several studies have 
indirectly implicated NADPH oxidases as a ROS source, based on the 
ability of diphenyleneiodonium (a NADPH oxidase inhibitor, DPI) to 
prevent ROS- dependent activation of IL- 1 0 induced genes such as F-se- 
lectin, inducible nitric - oxide synthase, c-fos, and collagenase (46, 65, 66). 
However, others have suggested that 5 -lipoxygenase may be involved in 
IL- 1/3 induction of ROS in lymphoid cells, while NADPH oxidase plays 
a selective role in monocytic cell-induced ROS following IL-l/3 stimu- 
lation (42). Racl, a small GTPase, plays a central role in cellular ROS 
generation through certain NADPH oxidases (67). Racl has also been 
linked to IL-1/3 induction of p6f>NF/<B in a murine thymoma cell line 
(47). However, it has been suggested that in epithelial cells, Racl and 
NADPH oxidase do not play a role in NFkB activation by IL-1/3 (42). 
Given the controversy surrounding potential sources of ROS following 
IL-1/3 stimulation, we sought to investigate the potential role of Racl/ 



1 



o 
to 
cr 

o 

13 



ro 

CD 

ro 
o 
o 

CO 



1 502 JOURNAL OF BIOLOGICAL CHEMISTRY 



VOLUME 281 - NUMBER 3* JANUARY 20, 2006 



Redox Activation of NIK 



A 




B 

OA(nM): 0 
GST-IKKo-P* 

WB: GST ,x SS 



10 100 1000 

OA (nM) 



10 100 1000 



: : : ; : : : ; >:<> : : : : . : : : : : >>:->V' 



IP; NIK 



Ctrl 



IP: TRAF6 
IL-1 H,0 



OA 



Bgifl: 
GPx: 

WB: NIK 



WB: TRAF6 



.. .y.-.-:w.;. 




P< 0,005 



FIGURE 7 The association of NIK with TRAF6 following IL-1 (i stimulation is redox-regulated and is also enhanced by inhibition of Ser/Thr phosphatases. A and B, MCF 7 cells 
were infected with Ad.NFk-BLuc (500 particles/cell) for 24 h and were then treated with okadaic Acid {OA) at the indicated concentrations. Cells were harvested at 6 h post-OA 
treatment for luctferase activity assays {A} or at 30 min post-OA treatment for in vitro kinase assays using immunoprecipitated NIK and GST-IKKn as a substrate (B). Autoradiography 
or kinase products on SDS-PAGE were transferred to nitrocellulose membrane, and Western blots of the same membrane to detect GST are shown in B. C, MCF-7 cells were infected 
with Ad.GPx- 1 or Ad.Bgill at 500 particles/ceil for 48 h followed by treatment with H 2 0 2 (1 mw), IL-1 0 (1 ng/ml}, or OA (1 00 mwi) for 30 min. Cell samples were then harvested and used 
for immunoprecipitation with anti-TRAF6 antibody. Immunoprecipitates were then analyzed by SDS-PAGE and Western blotting {top panel) using anti-TRAF6 and anti-NIK antibodies 
and infrared dye-conjugated secondary antibodies on an Odyssey infrared imaging system (LI -COR Biotechnology Lincoln, N£). Infrared quantification of NIK-TRAF6 band intensity 
ratios is plotted in the lower panel (mean ± 5.E. n - 3). The Student's f test demonstrated a significant difference (p < 0.005) for marked comparisons below the graph. 



NADPH oxidase in the lL-lj3-induced ROS found in MCF-7 mammary 
epithelial cells. 

Using Racl siRNA to inhibit Racl and DPI to inhibit NADPH oxi- 
dase, we investigated the role of Racl/NADPH oxidase in ROS produc- 
tion following I L- 1 18 stimulation. Results from FUDCFDA staining dem- 
onstrated that both DPI and Racl siRNA effectively reduced ROS 
production in MCF-7 cells following IL-1/3 stimulation (Fig. HA). No 
inhibition in ROS was seen following transaction with a scrambled 
siRNA control. Racl siRNA also effectively inhibited total Racl protein 
levels in cell lysates (Fig. SB). These findings provide strong evidence 
that a Racl -regulated NADPH oxidase controls ROS production fol- 
lowing JL-1/3 stimulation. 

Given that Racl was in part required for the stimulation of ROS 
following IL-1/3 treatment of MCF-7 cells, we next sought to better 
understand if Racl was also required for NIK recruitment to TRAF6 
following IL-1 /3 stimulation. Racl siRNA indeed reduced the ability of 
NIK to associate with TRAF6 following ID 1/3 stimulation (Fig. 80). 
However, this inhibition was not seen following transfection with a 
scrambled siRNA control. Combined with earlier results, these data 
suggest that RacDmediated H 2 O a - dependent activation of NIK, 
through the inhibition of phosphatases, promotes association of TRAF6 
with NIK. 

Data demonstrating ligand- independent association of activated NIK 
with TRAF6 following okadaic acid or H 2 Q 2 treatment (Fig. 7) sug- 
gested that NIK can associate with TRAF6 prior to its recruitment to the 
receptor. However, it remained unclear if the redox-dependent activa- 
tion of NIK was required for TRAF6 recruitment to IL-1RL To address 



this question, we used NIK and Racl siRNAs to modulate the formation 
of NIK-TRAF6 complex formation following IL-Ij3 stimulation. Results 
from these experiments demonstrated that NIK siRNA effectively 
inhibited total NIK in cell lysates (Fig. SB), and as expected, also pre- 
vented NIK recruitment to TRAF6 following IL- 1/3 stimulation (Fig. 
8C). Importantly, inhibition of NIK protein levels had no effect on 
steady-state levels of TRAF6. To address whether NIK was required for 
TRAF6 recruitment to IL-IR1, we performed 1L-1R1 pull-down assays 
in the presence of NIK, Racl, or scrambled siRNAs (Fig. HD). If the 
redox- sensitive complex formation between TRAF6 and NIK was abso- 
lutely required for binding of TRAF6 to IL-1R1.. we would anticipate 
that both NIK and Racl siRNAs would prevent TRAF6 recruitment to 
IL-1R1. As shown in Fig. 8D, this was not the case. Racl siRNA effec- 
tively inhibited both the recruitment of NIK and TRAF6 to IL-1R1. 
However, NIK inhibition did not alter TRAF6 recruitment to IL-IR1 
following ID- 1/3 stimulation. This finding provides strong evidence that 
NIK binding to TRAF6 is not required for the recruitment of TRAF6 to 
ligand activated IL-1R] . Given that the association of TRAF6 with NIK 
can be directly activated by I FO , or okadaic acid in the absence of a 
ligand signal, our data suggest that redox activation of NIK likely pro- 
motes TRAF6-NIK complex formation both prior to and following 
TRAF6 recruitment to the IL-1 receptor. 

DISCUSSION 

The mechanism by which ROS stimulates the N^kB pathway 
remains quite complex and multifaceted. ID 1/3 induction of the NFkB 
pathway is one example for which molecular mechanisms of ROS action 
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FIGURE 8 Rad regulates NADPH oxidase-mediated ROS production and the recruitment of TRAF6 and NIK to IL-1R1 following IL-10 stimulation. A, MCF-7 cells were 
assessed for H 2 0 2 production following IL-1 0 (1 ng/ml) stimulation for 20 min in the presence of hUDCFDA (10 /am). Treatment groups are marked on the fluorescent images and 
included: 1) transfection with Racl-siRNA or scrambled siRNA 48 h prior to IL-1/3 stimulation, and 2) DPI {10 /xm) or vehicle (Ctrl) treatment at the time of IL-1/3 stimulation. 
4\6-Diamidino-2-phenylindoie was included in the mounting media for identification of nuclei. 0, MCF-7 cells were transfected with Racl-siRNA, N!K-siRNA, or scrambled siRNA 
{scr-siRNA}. Western blots for total cellular Racl , NIK, and actin in the absence of IL-1 stimulation are shown at 48 h post-transfection. C, MCF-7 cells were transfected with Racl -siRNA, 
NIK-siRNA, or scrambled siRNA for48 h prior to IL-1 /3 (1 ng/ml) stimulation for 20 min, TRAF6 was immunoprecipitated from ceil lysates, and Western blots (WB) for TRAF6 and NIK are 
shown. 0, MCF-7 cells were transfected with Racl -siRNA, NIK-siRNA, or scrambled siRNA for 48 h prior to IL-1 0(1 ng/ml) stimulation for 20 min and immunoprecipitation of IL-1 Rl . 
Western blots for NIK, TRAF6, and IL-1 Rl are given for the various treatment groups as indicated following immunoprecipitation of IL-1 Rl . 



remain poorly elucidated. In the present study, we have shown that 
H 2 0., in part controls NFkB activation by IL-1/3 by facilitating the acti- 
vation of NIK and subsequent phosphorylation of i'KKc*. ROS-mcdiatcd 
events that appeal" to be important for NIK- mediated activation of 
NFkB following IL-1/3 stimulation include NIK association with TRAF6 
and the inhibition of Ser/Thr protein phosphatases. Such findings sug- 
gest that H 2 Q.j may act to promote NIK activation and association with 
TRAF6 by inhibiting Ser/Thr protein phosphatases. 

Racl appears to be a central player in the redox control of the I.L-1/3 
signaling pathway. The ability of Racl siRNA and DPI to inhibit ROS 
production in cells stimulated by IL-1 implicates Racl -dependent 
NADPH oxidases as the cellular ROS source. Racl siRNA also inhibited 
both the rcdox-dependent formation of a TRAF6-NIK complex and 
recruitment of both TRAF6 and NIK to IL-1 Rl. Together with findings 
that GPx-1 expression inhibited NIK activation and TRAF6-NIK com- 
plex formation following IL-1/3 stimulation, these findings suggest 
H>0 2 is the central ROS mediator of this pathway. The importance of 
Racl in IL-1 signaling is supported by previous work demonstrating an 
association of Racl with the IL-1R1 complex through interactions with 
MyD88 and the IL-1 receptor accessory protein (47). This same study 
also demonstrated that the dominant negative N17RacT mutant pre- 
vented IL-1 -mediated p65 transactivation. Hence, our studies now clar- 
ify that there is a central role for Racl in IL-1 signaling via facilitation of 
the redox activation of downstream effectors. 



In vitro reconstitution experiments attempting to directly activate 
immunoprecipitated NIK with H 2 0 2 demonstrated that one or more 
cellular factors are required for the redox activation of NIK to phospho- 
rylatc GST-lKKu (Fig. 6). In vivo, H 2 0 2 promoted NIK association with 
TRAF6 in the absence of a ligand signal, and GPx-1 expression inhibited 
IL-1/3- induced TRAF6-NJK association and NIK activation (Figs. 70 
and S£). Given the close* con-elation between redox activation of NIK 
and its association with TRAF6, we anticipate that TRAF6 is a required 
cellular component necessary for NIK activation as an IKKo kinase. The 
ability of okadaic acid to directly promote NIK kinase activity and asso- 
ciation with TRAF6, in the absence of a ligand signal, suggests that 
H 2 0 2 -mediated inhibition of protein phosphatases may be responsible 
for the redox activation of NIK. Hence, we favor a model whereby 
TRAF6 must recruit to NIK prior to phosphoryiating IKKo. Although 
NIK binding to TRAF6 may be necessary for an active IKKo kinase 
complex, this association was not necessary for TRAF6 to recruit to 
IL-1R1; TRAF6 effectively recruited to IL-1 stimulated IL-1R1 in the 
absence of NIK. 

Cumulatively, these studies place NIK as a central redox-regulated 
signaling molecule in IL-1 -mediated activation of NFkB. We propose a 
model whereby IL-1 induces Racl-dependent ROS production through 
NADPH oxidase, which in turn leads to NIK activation through the 
inhibition of protein phosphatases and the recruitment of NIK-TRAF6 
complexes to the IL-1 receptor. 
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Fig. 4. Loss of TbMP52 blocks RNA editing. (A) 
Growth of induced (black squares) and non- 
induced (white squares) parasites. Total RNA 
was prepared from samples taken at the time 
points indicated (76). (B) Diagram showing RT- 
PCR primer locations relative to the edited 
region. (C) Polyacrylamide gel analysis of RT- 
PCR products from RNAs that are normally 
edited in bloodforms (A6, ND7, and RPS12) and 
ND4 RNA, which does not get edited (76). Fully 
edited (E), partially edited (PE), and unedited 
(UE) molecules were identified by cloning and 
sequencing. 



apcutic targets for kinetoplastid pathogens, 
which employ RNA editing (such as African 
and American trypanosomes and Leishmania). 




Table 1. Growth in mice of 7". brucei with induced or 
non-induced TbMP52. C57 BL/6 mice were infected 
by intraperitoneal inoculation with 10 s cultured 
bloodstream-form T. brucei clones 1B3 or 1-5 (the 
parental clone with one endogenous allele plus the 
ectopic allele). Dox (200 u-g/ml) and/or 5% sucrose 
was added to the drinking water beginning 1 week 
before infection for induction. Parasites were count- 
ed with a hemocytometer, 
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*These mice died of the infection or were killed because 
of high parasitemia, 
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Defective Lymphotoxin-p 
Receptor-Induced NF-kB 
Transcriptional Activity in 
NIK-Deficient Mice 
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The role of NF-KB-inducing kinase (NIK) in cytokine signaling remains controver- 
sial To identify the physiologic functions of NIK, we disrupted the NIK locus by gene 
targeting. Although NIK" 7 " mice displayed abnormalities in both lymphoid tissue 
development and antibody responses, NIK" 7 " cells manifested normal NF-kB DNA 
binding activity when treated with a variety of cytokines, including tumor necrosis 
factor (TNF), interieukin-1 (IL-1), and lymphotoxin-p (LTp). However, NIK was 
selectively required for gene transcription induced through ligation of LTp receptor 
but not TNF receptors. These results reveal that NIK regulates the transcriptional 
activity of NF-kB in a receptor-restricted manner. 



The transcription factor NF-kB is activated 
by a variety of cell surface receptors (/). 
Although different receptors often use dis- 



tinct combinations of intracellular proteins to 
initiate NF-kB activation, the signals con- 
verge downstream into a common pathway 
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that leads to activation of the IkB kinase 
(IKK) complex and the phosphorylation and 
degradation of IkB (inhibitor of NF-kB) (2- 
$). The upstream kinases that activate the 
IKK complex are not defined (7, 9), Howev- 
er, the serine-threonine kinase NIK has been 
suggested to fulfill this role (10, 11). NIK 
was identified by its interaction with TRAF2, 
an adapter protein that interacts with TNF 
receptors {10). NIK was thought to be an 
integral component of the NF-kB signaling 
pathway because, when overexpressed in 
cells, wild-type NIK interacted with the IKK 
subunits IKKa and IKKp, enhanced IKK 
complex kinase activity (5), and caused li- 
gand- independent activation of NF-kB (10, 
11). Moreover, kinase-inactive NIK inhibited 
NF-kB activation in cells treated with a va- 
riety of ligands (10, 11). Recent studies of 
alymphoplasia (aly/aly) mice, which have de- 
fective lymphorganogenesis and express a 
point mutant form of NIK that retains cata- 
lytic potential, suggest that NIK may function 
in NF-kB activation in a cell- or receptor- 
specific manner (12-15). However, the pres- 
ence of the catalytically active mutant NIK 
protein in the aly/aly mouse makes it difficult 
to draw firm conclusions about the precise 
functional role of this protein. 

To determine whether NIK plays an oblig- 
atory role in signal-induced NF-kB activa- 
tion, we generated NIK~'~ mice by gene 
targeting (16). Disruption of the NIK gene 
was verified by Southern and Western blot 
analyses. Although NIK W ~ mice were bom 
in Mendelian proportions and were grossly 
normal, they displayed abnormal lymphor- 
ganogenesis similar to that observed in aly/ 
aiy mice and mice lacking the LTp receptor 
(LTpR) (12. 17). Specifically, they lacked all 
lymph nodes (including cervical, inguinal, 
mesenteric, popliteal, and axillary lymph 
nodes) and did not develop Peyer's patches 
(IS). In addition, they showed an abnormal 
architecture of spleen and thymus, and 
formed only poor antibody responses upon 
immunization (IS). 

To assess whether NIK was required for 
TNF or IL-1 signaling, we treated NTK~'~ or 
wild-type mouse embryonic fibroblasts 
(MEFs) with each ligand and assessed NF-kB 
DNA binding activity by electrophoretic mo- 
bility-shift assay (EMSA). No substantial dif- 
ferences were observed between the two cell 
types, even when different durations of stim- 
ulation or different doses of cytokine were 
used (Fig. I, A and B). Moreover, activation 
of the IKK complex and c-Jun NH 2 -terminai 
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kinase (JNK) enzymes, which are known to 
be stimulated by these ligands, occurred 
equivalently in NIK -/ ~ and wild-type MEFs 
(Fig. IC). TNF and IL-1 also induced com- 
parable biologic responses in N1K~'~ and 
wild-type cells, including apoptosis (Fig. ID) 
and production of IL-6 (Fig. IE) or nitric 
oxide (Fig. IF). Thus, NIK does not play an 
obligate role in either TNF or IL-1 signaling 
in fibroblasts. This conclusion was generalize 
able to other cell types from the NIK~ ; ~ 



mouse, such as bone marrow derived mac- 
rophages (BMMs) and T cells, which devel- 
oped wild-type levels of NF-kB DNA bind- 
ing activity after TNF stimulation (Fig. 2A). 

We also considered the possibility that 
NIK functioned to induce NF-kB DNA bind- 
ing activity in a receptor-specific manner. As 
shown by EMSA, MEFs and BMMs from 
NiK~ /_ and wild-type mice formed equiva- 
lent amounts of DNA binding complexes af- 
ter treatment with a variety of known NF- 
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Fig. 1. NiK~ / ~ MEFs display unimpaired signaling and biologic responsiveness to murine TNF and 
IL-1 p. (A and B) Comparable activation of NF-kB DNA binding activity in NIK"'" or wild-type MEFs 
treated with TNF (A) or IL-1 (B) (10 ng/ml each) for the indicated numbers of minutes (top panel), 
or treated with the indicated doses of cytokines for 30 min (bottom panel). EMSA was performed 
as described using a probe derived from the immunoglobulin k promoter (27). (C) In vitro kinase 
assays showing comparable activation of the kinase activity (KA) of the IKK complex and JNK in 
NIK"" 7 " or wild-type MEFs incubated for 5 min with either IL-1 (50 ng/ml) or TNF (100 ng/ml). The 
IKK complex and JNK were immunoprecipitated, and kinase activities in the immunoprecipitates 
were determined using recombinant IkB or c-Jun proteins as substrates. IKKa, IKKp, and JNK 
protein levels were assessed by Western blotting ( WB). (D) NIK~ /- and wild-type MEFs are similar 
in their sensitivity to TNF-dependent cytotoxicity. This assay was performed on cycloheximide- 
treated MEFs as described (22). TRAF2"" 7 " MEFs were used as a pathway control. (E) Unimpaired 
cytokine-induced IL-6 production in NIK _/ ~ cells. NIK _/ " or wild-type MEFs were stimulated with 
various amounts of TNF or IL-1 for 24 hours, and IL-6 levels in culture supernatants were 
determined using the IL-6-dependent T1 165 cell line. (F) Normal TNF- or IL-1-induced nitric oxide 
production by NIK"™ 7 "" cells. MEFs were cultured with various amounts of TNF or IL-1 in the 
presence of murine interferon-^ (250 ng/ml), and the level of nitrite in the supernatants was 
determined as described (23). 
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Fig. 2. Induction of 
NF-kB DNA binding 
activity in NIK~ / ~ cells 
after stimulation with 
different agonists. (A) 
NIK A or wild-type 
BMMs (M). T lympho- 
cytes (T), fibroblasts 
(F), or 8 lymphocytes 
(B) were stimulated 
with TNF (10 ng/ml, 
30 min), LTpR mAb 
(24) («LT£R; 1 jxg/ml, 



NIK 1 ' 



NIK"'* 




Agonist TNF TNF uLTpFt OPGL 

1 hour), osteoprotegerin ligand (OPGL; 



LPS 



p!C 
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Stimulus 





I M 




i — — 
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ng/ml, 15 min), antibody to CD40 (uCD40; 10 fxg/ml, 1 and 4 hours), 
lipopolysaccharide (LPS; 10 jig/ml, 1 hour), IL-17 (100 ng/ml, 30 min), 
or polyinosinic-polycytidylic acid (pIC; 100 fxg/ml, 2 hours). NF-kB 



DNA binding activity was then assessed by EMSA. (B) NIK _/ ~" or 
wild-type MEFs were stimulated with the indicated doses of LTpR 
mAb, irrelevant mAb (C, 1 |xg/m(), or LTa.,p 2 (Sigma; 100 ng/ml) for 
1 hour and assayed by EMSA. 
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Fig. 3. Failure of NIK~ 7 ~ cells to tran- 
scribe NF-KB-regulated genes after 
LTpR stimulation. (A) IkBcx or p-actin 
gene expression was determined by 
Northern blotting for N1K~ ; ~ or wild- 
type MEFs treated for 8 hours with 
buffer, LT(3R mAb (a LTpR, 1 ng/ml), or 
TNF (10 ng/ml). (B) RNA samples pre- 
pared as in (A) were assayed for gene 
expression using the RiboQuant multi- 
probe ribonuclease protection assay 
system and mCK-5 template (Pharmin- 
gen). in wild-type cells, the gene encod- 
ing MCP-1 was the only gene induced 

among those represented in the mCK-5 template upon LT£R mAb treatment. (C and D) immor- 
talized MEFs were transiently transfected using SuperFect reagent (Qiagen) with 1 jjig of an 
(NF-kB) 2 ~Luc reporter construct (25) together with 1 jxg of pRL-TK (Promega) for transfection 
normalization. The transfected wild-type cells (open bars) or NIK" 7 " cells (filled bars) were 
stimulated with TNF (10 ng/ml) (C) or LTpR mAb (1 u,g/ml) (D) for 6 to 8 hours, and luciferase 
activity was determined and normalized. Data are presented as relative induction of luciferase 
activity over the unstimulated control. 



TNF(ngfool) 
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kB activating stimuli (Fig. 2 A). In contrast, 
NIK" 7 " B cells developed normal levels of 
NF-kB DNA binding activity after I hour of 
treatment with antibody to CD40 but showed 
reduced levels (relative to wild-type cells) 4 
hours after stimulation. However, because B 
cells in NTK~'~ mice are abnormal, it is not 
possible to determine whether this defect is 
attributable to an abnormality in signaling or 
cellular development. Because mice lacking 
NIK displayed a phenotype that was similar 
to LTpR-deficient mice, we studied LTpR 
signaling in the former in more detail. 
N1K~'~ MEFs produced wild-type levels of 
NF-kB DNA binding activity after treatment 
with different doses of LTpR monoclonal 
antibody (mAb) or with the natural ligand for 
the LTpR (i.e., the LT« { P 2 complex) (Fig. 
2B). Thus, NIK is not required for promoting 
NF-kB DNA binding activity by a variety of 



receptors on different cells. 

We next examined whether NIK regulates 
the transcriptional activity of the activated 
NF-kB complex. To test this hypothesis, we 
monitored the capacity of TNF or LTpR 
mAb to induce expression of representative 
NF-kB responsive genes in wild-type and 
NIK~~ cells. In wild-type MEFs, both 
LTpR mAb and TNF induced the genes en- 
coding 1kB« (Fig. 3A) and monocyte che- 
moattraciant protein I (MCP-1, Fig. 3B). 
These genes were also induced by TNF in 
NIK _/ ~ cells. In contrast, neither gene was 
induced in NIK" ~ MEFs after LTpR mAb 
stimulation. Further experiments tested 
whether this unresponsiveness was due to a 
defect in the transcriptional activity of the 
NF-kB complex. Using a luciferase reporter 
gene construct driven by an NF-kB respon- 
sive element, we found that TNF induced 



comparable levels of luciferase in wild-type 
and NIK""''"" MEFs (Fig. 3C). Reporter gene 
activation was also consistently observed in 
wild-type MEFs treated with LTpR mAb 
(Fig. 3D). In contrast, no reporter activity was 
observed in NIK" 7 " MEFs treated with a 
wide range of doses of LTpR mAb (Fig. 3D). 
Thus, even though engagement of LTpR in- 
duces normal DNA binding activity of NF- 
kB in NIK" " cells, the activated NF-kB in 
these cells cannot transactivate (at least 
some) NF-KB -regulated genes. 

These results show that NIK is not the 
common upstream kinase that activates IKKs 
in the NF-kB signaling pathway, as previous- 
ly proposed (70, 11). Rather, NIK acts in a 
receptor-selective manner, and its function is 
limited in the case of the LTpR to promoting 
the transcriptional action of the NF-kB com- 
plex. Hence, the function of NIK in LTpR 
signaling may be similar to that of glycogen 
synthase kinase-30 or the T2K/TBK1/NAK 
kinase, which function in TNF and 1L-I sig- 
naling to induce NF-kB transcriptional activ- 
ity without altering IkB degradation or NF- 
kB nuclear translocation (19, 20). Thus, dif- 
ferent receptors that signal through NF-kB 
may use distinct serine kinases to regulate the 
transcriptional activity of the activated NF- 
kB complex. In this manner, the NF-kB sig- 
nal emanating from each type of receptor 
may be slightly different and thereby effect 
distinctive cellular response patterns after re- 
ceptor stimulation. 
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Dyslexia: Cultural Diversity and 
Biological Unity 

E. Paulesu, 1 2 * J.-F. Demonet, 3 F. Fazio, 2 4 E. McCrory, 5 
V. Chanoine, 3 N. Brunswick, 6 S. F. Cappa/ G. Cossu, 8 M. Habib, 9 
C. D. Frith, 6 U. Frith 5 

The recognition of dyslexia as a neurodevelopmentat disorder has been ham- 
pered by the belief that it is not a specific diagnostic entity because it has 
variable and culture-specific manifestations. In line with this belief, we found 
that Italian dyslexics, using a shallow orthography which facilitates reading, 
performed better on reading tasks than did English and French dyslexics. How- 
ever, all dyslexics were equally impaired relative to their controls on reading 
and phonological tasks. Positron emission tomography scans during explicit and 
implicit reading showed the same reduced activity in a region of the left 
hemisphere in dyslexics from all three countries, with the maximum peak in the 
middle temporal gyrus and additional peaks in the inferior and superior tem- 
poral gyri and middle occipital gyrus. We conclude that there is a universal 
neurocognitive basis for dyslexia and that differences in reading performance 
among dyslexics of different countries are due to different orthographies. 



Developmental dyslexia is increasingly ac- 
knowledged to be a disorder of genetic origin 
with a basis in the brain (/). However, there 
continues to be doubt about the universality 
and specificity of the syndrome because be- 
havioral studies have shown that the nature 
and prevalence of dyslexia differs across lan- 
guages (2). The prevalence estimates of dys- 
lexia in different countries seem to be related 
to the shallowness of the orthography. For 
instance, using one of the most respected 
behavioral definitions of dyslexia (word rec- 
ognition accuracy in relation to TQ), the prev- 
alence of dyslexia in Italy was half that in the 
United States (3). 
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Current theories of dyslexia favor a neuro- 
cognitive explanation with the implicit assump- 
tion of a universal application. There is consid- 
erable agreement that a causal link between 
brain abnormality and reading difficulties in- 
volves phonological processing deficits (4, 5). 
The cause of these deficits is, however, less 
clear. Recently, more general perceptual prob- 
lems have been postulated, either auditory (6) 
or visual deficits associated with dysfunction 
of the magnocellular system of the brain 
(7). At a neurological level, it has been 
shown that dyslexics have microscopic cor- 
tical abnormalities, particularly in the peri- 
sylvian language areas in the form of cor- 
tical ectopias and dyslamination of cortical 
layers (#). These diffuse neurological ab- 
normalities may reduce corticocortical con- 
nectivity, as suggested by recent positron 
emission tomography (PET) and magnetic 
resonance imaging (MR!) studies (9, 10). 
Until now, most of the biological studies 
used English-speaking subjects; none have 
directly compared dyslexics across differ- 
ent orthographies. 

In languages with transparent or shallow 
orthography (e.g., Italian), the letters of the 
alphabet, alone or in combination, are in most 
instances uniquely mapped to each of the 
speech sounds occurring in the language {11). 
Learning to read in such languages is easier 



than in languages with deep orthography 
(e.g., English and French), where the map- 
ping between letters, speech sounds, and 
whole-word sounds is often highly ambigu- 
ous (12, 13). Adult skilled readers show a 
speed advantage in shallow orthographies 
{14, 15). Differences have also been demon- 
strated at the physiological level {15). 

Our aim was to contrast dyslexic and nor- 
mal adult readers in deep (English and 
French) and shallow (Italian) orthographies 
in order to explore similarities and differenc- 
es at both the behavioral and neurophysiolog- 
ical level. If dyslexia has a universal basis, 
then substantial similarities should be found, 
either at the cognitive or the brain level, or 
both. We investigated single-word reading at 
explicit and automatic levels, because differ- 
ential response to the written word is the most 
widely agreed defining behavioral feature of 
dyslexia. Given that stimuli differ between 
different orthographies, and given that ortho- 
graphic depth affects reading difficulty, any 
commonality found in underlying physiolog- 
ical responses in dyslexics would be strong 
evidence for a unitary biological basis. 

Normal controls and subjects with dyslcx- 




Eftecl size 

Fig. 1. Effect size (Z-scores) of the differences 
between dyslexic and normal readers in each 
country on Wechsler scale subtests. Z-scores 
were derived from the group differences ex- 
pressed in standard deviation (SD) units using 
pooled SDs. Negative Z-scores represent im- 
paired performance. The dyslexics were only 
impaired on subtests involving phonological 
short-term memory. 
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NIK is a component of the EGF/heregulin receptor signaling complexes 
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Nuclear factor icB-inducing kinase (NIK) is a member of 
the MAP kinase kinase kinase family that was first 
identified as a component of the TNF-Rl-induced NF-kB 
activation pathway (TNF, tumor necrosis factor; nuclear 
factor kappaB, NF-kB). Gene knockout study, however, 
suggests that NIK is dispensable for TNF-R1- but 
required for lymphotoxin-/* receptor-induced NF-kB 
activation. A NIK kinase inactive mutant is a potent 
inhibitor of NF-kB activation triggered by various stimuli, 
suggesting that NIK is involved in a broad range of NF-kB 
activation pathways. To unambiguously identify signaling 
pathways that NIK participates in, we screened antibody 
arrays for proteins that are associated with NIK. This 
effort identified ErbB4, one of the EGF/heregulin 
receptors, and Grb7, an adapter protein associated with 
ErbB4 (ErbB, epidermal growth factor receptor family 
protein; EGF, epidermal growth factor; Grb, growth 
factor receptor bound). Coimmunoprecipitation experi- 
ments demonstrated that NIK interacted with Grb7, as 
well as GrblO and Grbl4, but not Grb2. Domain mapping 
experiments indicated that the central GM domain of 
Grb7 was sufficient for its interaction with NIK. 
Coimmunoprecipitation experiments also indicated that 
Grb7 and NIK could be simultaneously recruited into 
signaling complexes of all known EGF/heregulin recep- 
tors, including EGFR, ErbB2, ErbB3, and ErbB4. In 
reporter gene assays, NIK could potentiate Grb7, ErbB2/ 
ErbB4, and EGF-induced NF-kB activation. A NIK 
kinase inactive mutant could block ErbB2/ErbB4 and 
EGF-induced NF-kB activation. Moreover, EGF/here- 
gulin receptors activated NF-kB in wild-type, but not 
NIK-/- embryonic fibroblasts. Our findings suggest that 
NIK is a component of the EGF/heregulin receptor 
signaling complexes and involved in NF-kB activation 
triggered by these receptors. 
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Introduction 

Nuclear factor KB-inducing kinase (NIK) is a serine/ 
threonine protein kinase belonging to the MAP kinase 
kinase kinase family, which also includes MEKK1-4, 
ASK1, and Raf, among others (Malinin et al, 1997). 
NIK was first identified as a TRAF2-interacting protein 
by yeast two-hybrid screening and was shown to be 
involved in the TNF-Rl-induced NF-kB activation 
pathway (Malinin el at., 1997) (TNF, tumor necrosis 
factor; nuclear factor kappaB, NF-kB). Subsequently, it 
has been suggested that NIK interacts with various 
TRAFs and can activate IKK, a kinase complex that is 
critically involved in NF-kB activation triggered by 
divergent stimuli (Lin et al, 1998a, b). However, gene 
knockout experiments indicate that NIK is essential for 
lymphotoxin-/?- but not TNF-R-induced NF-kB activa- 
tion (Matsushima et al, 2001; Yin et al, 2001). 
Furthermore, it is suggested that NIK functions at a 
nuclear rather than a cytoplasmic step in the lympho- 
toxin-/?-induced NF-kB activation pathway (Yin et al, 
2001). Since a kinase inactive mutant of NIK can block 
NF-kB activation by various stimuli, such as TNF, IL1, 
and LPS, this suggests that NIK may be involved in a 
broad range of NF-kB activation pathways. 

Previously, it has been shown that epidermal growth 
factor (EGF) can activate NF-kB through undefined 
pathways (Obata et al., 1996; Sun and Carpenter, 1998; 
Biswas et al, 2000; Habib et al, 2001). EGF family 
members interact with receptors belonging to the EGF 
receptor family, including epidermal growth factor 
receptor (EGFR), epidermal growth factor receptor 
family protein (ErbB)2, ErbB3, and ErbB4 (Pawson, 
1995). The cytoplasmic domains of the EGF receptor 
family members, except for ErbB2, have intrinsic 
tyrosine kinase activity. Ligand stimulation leads to 
homo- or heterodimerization of the EGF receptor 
family members and their autophosphorylation. This 
process creates docking sites for downstream signaling 
molecules that contain the SH2 domain (Pawson, 1995). 
Interaction of these signaling molecules with the 
receptors initiates intracellular signaling cascades that 
lead to activation of a number of transcription factors 
such as AP-1 and STATS (Hill and Treisman, 1995). 
Previous studies also suggest that EGF can activate NF- 
kB in several types of cells, including smooth muscle, 
A431, fibroblasts, and EGF receptor-overexpressing 
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breast cancer cells (Obata et aL, 1996; Sun and 
Carpenter, 1998; Biswas et aL, 2000; Habib et aL, 2001). 

The growth factor receptor bound (Grb)7 family 
members are some of the adapter molecules that interact 
with activated receptor tyrosine kinases, including the 
EGF receptor family members. The Grb7 family 
consists of Grb7, GrblO, and Grbl4, which do not 
have intrinsic enzymatic activity and signal through 
their interaction with downstream proteins (Daly, 1998; 
Han et aL, 2001). Unlike Grb2, which contains an SH2 
domain flanked by two SH3 domains, the Grb7 family 
members contain an N-terminal proline-rich (PR) 
region, a central GM region that is homologous with 
the C. elegans protein MiglO, and a C-terminal SH2 
domain (Daly, 1998; Han et aL, 2001). The SH2 domain 
of the Grb7 family is responsible for interaction with the 
majority of identified Grb7-interacting proteins, such as 
the EGF receptor family members, She, Raf, Tek/Tie2, 
and FAK, among others (Han et aL, 2001). It has been 
shown that the PR domain of Grb7 family members 
interacts with c-Abl and Tankyrase (Frantz et aL, 1997; 
Han et aL, 2001; Lyons et aL, 2001). Proteins that 
interact with the large central GM domain of the Grb7 
family members are not known. 

fn addition to their roles in EGF receptor signaling, 
the Grb7 family members play divergent roles in various 
signaling pathways and pathophysiological processes. 
Grb7 is overexpressed in some human primary cancers 
and tumor cell lines, suggesting a possible role in 
tumorigenesis (Stein et aL, 1994). Various studies have 
also suggested a role for Grb7 in the regulation of cell 
migration (Tanaka et aL, 1998; Han and Guan, 1999; 
Han et aL, 2000; Lee et aL, 2000; Vaysssiere et aL, 2000). 
GrblO has been found to be associated with mitochon- 
dria, where it interacts with Rafl and is likely to be 
involved in the regulation of apoptosis (Nantel et aL, 
1998, 1999). It was also reported that GrblO is recruited 
to the c-Kit receptor in the course of SCF-mediated 
activation of c-Kit and forms a complex with Akt (Jahn 
et aL, 2002). Grbl4 was recently shown to be a specific 
inhibitor of insulin receptor catalytic activity (Berezia 
et aL, 2002). 

To unambiguously identify the signaling pathways 
that NIK participates in, we searched NIK-associated 
proteins by screening antibody arrays. This effort 
identified ErbB4 and Grb7 as two proteins that are 
associated with NIK. Our findings suggest that NIK is a 
component of the EGF/heregulin receptor signaling 
complexes and involved in NF-kB activation by these 
receptors. 



Results 

Identification of NIK-associated proteins by screening of 
antibody arrays 

To search for potential NIK-associated proteins, we 
used the Signal Transduction Antibody ArrayTM 
system (Hypromatrix, Inc.). Each Antibody ArrayTM 
membrane contains 400 antibodies against well-studied 
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proteins. The antibodies are immobilized on a nitrocel- 
lulose membrane, each at a predetermined position, and 
they retain their capabilities of recognizing and captur- 
ing antigens as well as antigen-associated proteins. We 
transfected 293 cells with an expression plasmid for 
Flag-NIK and the cell lysate was used to incubate with 
the antibody array membrane. Using anti-Flag anti- 
body, we detected that 21 antibodies could recruit Flag- 
NIK, probably directly or indirectly through their 
antigens. These include antibodies against NBK, Mad- 
1, p38, CD3-£, eNOS, HSP-70, ANT, DAXX, SODD, 
thyroid receptor al, Spl, ErbB4, TNF-R1, B7-1, 
DMBT1, GATA-1, IRF2, TRADD, BOK, caspase-2, 
and Grb7. Results for part of the membrane are shown 
in Figure 1. Previously, it was shown that Grb7 is 
associated with EGF receptor family members, includ- 
ing EGFR, ErbB2, ErbB3, and ErbB4 (Margolis et aL, 
1992; Stein et aL, 1994; Janes et aL, 1997; Daly, 1998; 
Fiddes et aL, 1998; Han et aL, 2001). Thus, recruitment 
of NIK to two independent antibodies against ErbB4 
and Grb7, respectively, suggests a high possibility that 
NIK is a true component of the ErbB4/Grb7 signaling 
complex. 

NIK interacts with Grb7, GrblO, and GrbI4, but not Grb2 

To determine whether NIK interacts with Grb7, we 
transfected 293 cells with expression plasmids for HA- 
tagged NIK and Flag-tagged Grb7 and performed 
immunoprecipitation experiments. These experiments 
suggest that NIK interacts with Grb7 in 293 cells 
(Figure 2). The Grb7 adapter family contains three 
members, including Grb7, GrblO, and Grbl4 (Daly, 
1998; Han et aL, 2001). Coimmunoprecipitation experi- 
ments indicate that NIK also interacts with GrblO and 
Grbl4 (Figure 2). These interactions are specific because 
Grb2, an adapter protein not belonging to the Grb7 
family, does not interact with NIK under the same 
condition (Figure 2). 

Domain mapping of interaction between Grb7 and NIK 

It has been shown that the SH2 domain of Grb7 family 
members is responsible for interaction with most 
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Figure 1 Identification of NIK-associated proteins by screening of 
antibody arrays. The antibody array membranes were incubated 
with cell lysate containing Flag-NIK, probed with anti-Flag 
antibody, and then detected by ECL. The positive signals 
correspond to: ErbB4 (A5), B7-1 (Dl), DMBT1 (D4), GATA-1 
(D6), Grb7 (J6) 
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Figure 2 NIK interacts with Grb7, GrblO, and Grbl4, but not 
Grb2. 293 ceils (~5xl0 6 ) were transfected with 10 jug of an 
expression plasmid for HA-tagged NIK, together with 10/^g of an 
expression plasmid for Flag-tagged Grb7, GrblO, Grbl4, or Grb2. 
Coimmunoprecipitation was performed with anti-Flag antibody 
(ocF) or control IgG (C), and Western blot analysis was performed 
with anti-HA antibody (upper panel). Expression levels of NIK, 
Grb7, GrblO, Grbl4, and Grb2 were confirmed by Western blot 
analysis of the lysates with anti-Flag and anti-HA antibodies 
(lower panel) 



identified binding partners (Daly, 1998; Han et al, 
2001). To determine which domain of Grb7 interacts 
with NIK, we constructed a series of HA epitope-tagged 
deletion mutants of Grb7, including Grb7(l-102) (the 
PR domain), Grb7(l-418) (the PR and GM domains), 
Grb7( 103-533) (the GM and SH2 domains), and 
Grb7( 103-4 18) (the GM domain). We co transfected 
these deletion mutants with Flag-tagged NIK into 293 
cells and performed coimmunoprecipitation experi- 
ments. These experiments suggest that the central GM 
domain of Grb7, aal03^18, is sufficient for its 
interaction with NIK (Figure 3). 

NIK is recruited to EGF/heregulin receptor signaling 
complexes 

To determine whether NIK is recruited to EGF/ 
heregulin receptor signaling complexes, we transfected 
293 cells with expression plasmids for HA-tagged Grb7 
and NIK, together with Flag-tagged ErbBs, and 
performed coimmunoprecipitation experiments. The 
results suggest that Grb7 and NIK can be simulta- 
neously recruited to all EGF/heregulin receptors, 
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Figure 3 Domain mapping of Grb7 interaction with NIK. 
(a) Schematic presentation of Grb7 deletion mutants, (b) Coim- 
munoprecipitations between Grb7 mutants and NIK. 293 cells 
(-5x I0 6 ) were transfected with 10^g of an expression plasmid for 
Flag-tagged NIK, together with lO^g of an expression plasmid for 
HA-tagged Grb7 or its various mutants. Coimmunoprecipitation 
was performed with anti-HA antibody (aHA) or control IgG (C), 
and Western blot analysis was performed with anti-Flag antibody 
(upper panel). Expression levels of NIK, Grb7, and its mutants 
were confirmed by Western blot analysis of the lysates with anti- 
Flag and anti-HA antibodies (lower panel) 



including EGFR, ErbB2, ErbB3, and ErbB4 
(Figure 4a). We also found that EGFR/ErbB2 could 
form a complex with Grb7, GrblO, GrbH, and NIK, 
respectively (Figure 4b). 

We next determined whether NIK is associated with 
Grb7 and the EGF receptors in untransfected cells. 
Previously, it was shown that Grb7 is coamplified, 
overexpressed, and in a tight complex with ErbB2 (Stein 
et al., 1994; Akiyama et al, 1997; Tanaka et al, 1997). 
Therefore, we have used a breast cancer cell line, MCF7, 
for endogenous coimmunoprecipitation experiments. 
The results suggest that NIK is constitutively associated 
with Grb7 and the EGFR/ErbB2 complex (Figure 4b). 
It is possible that the EGFR/ErbB2 complex is 
constitutive active in MCF7 cells and thus results in a 
constitutive recruitment of NIK to the complex. 
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Figure 4 NIK is recruited to EGF/heregulin receptor signaling 
complexes, (a) NIK and Grb7 are associated with ErbBs. 293 cells 
(~5 x 10 6 ) were transfected with an expression plasmid for Flag- 
tagged EGFR, ErbB2, ErbB3, or ErbB4 (10^g), together with 
expression plasmids for HA-tagged Grb7 and NIK (each 10/ig). 
Coimmunoprecipilation was performed with anti-Flag antibody 
(aF) or control IgG (C), and Western blot analysis was performed 
with anti-HA and anti-Flag antibodies, (b) NIK and Grb7, GrblO, 
or Grbl4 are recruited to EGFR/ErbB2 complex. 293 cells 
were transfected with expression plasmids for Flag- 
tagged EGFR and ErbB2 (each 10/ig), together with expression 
plasmids for HA-tagged NIK and Flag-tagged Grb7, GrblO, or 
Grbl4 (each 10 fig). Coimmunoprecipilation was performed with 
anti-EGFR and anti-ErbB2 antibodies (aEGFR + aErbB2) 
or control IgG (C), and Western blot was performed with anti- 
HA and anti-Flag antibody mixture, (c) NIK is associated with 
Grb7 and EGF receptors in untransfected cells. MCF7 cells 
(~2 x 10 7 ) were lyscd and the lysatc was immunoprecipitated with 
a mixture of rabbit anti-EGFR (1 fig) + anti-ErbB2 (I fig) anti- 
bodies, rabbit anti-Grb7 antibody (2 fig), or rabbit control IgG 
(2 fig). Western blot analysis was performed with rabbit anti-NIK 
antibody 
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Grb7 collaborates with NIK to activate NF-kB 

It has been shown that NIK is involved in NF-icB 
activation (Malinin et al, 1997; Lin et al, 1998a, b; Yin 
et al, 2001). To determine whether Grb7 has a similar 
function, we performed NF-/cB luciferase reporter 
gene assays. These experiments indicated that over- 
expression of Grb7 could weakly activate NF-rcB in a 
dose-dependent manner (Figure 5a). In addition, Grb7 
could collaborate with NIK to activate NF-kB 
(Figure 5a). To exclude the possibility that Grb7 affects 
NIK expression but not NIK signaling, we examined 
NIK levels in all transfections by Western blot analysis. 
As shown in Figure 5a, NIK levels were not significantly 
changed with the increased expression of Grb7. 




NIK 0 o 0 0 



0 0 1 0.2 0.4 0,8 1.6 
0 0.5 0.5 0.5 0.5 0.5 0.5 



NIK- 




+ NIK 



Figure 5 Interaction of Grb7 with NIK in NF-/cB activation, (a) 
Grb7 collaborates with NIK to activate NF-kB. 293 cells 
OlxlO 5 ) were transfected with 0.2kg of NF-fcB-luciferase 
reporter plasmid, 0.2 fig of pRL-TK Renilla luciferase reporter 
plasmid, and the indicated amounts (fig) of expression plasmids. At 
16 h after transfection, luciferase activities were measured and 
normalized based on Renilla luciferase levels. The levels of NIK 
expression in the transfected cells are shown under the graph, (b) 
Effects of Grb7 mutants on NIK-induced NF-/cB activation. 293 
cells ! x 10 5 ) were transfected with reporter plasmids and the 
indicated expression plasmids, and luciferase assays were per- 
formed as above. Data shown are averages and standard deviations 
of relative luciferase activities from three independent experiments 
(transfection was performed in triplicate in each experiment) 
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We also determined the effects of different Grb7 
domains on NIK-induced NF-kB activation. These 
experiments suggest that the N-terminal PR domain 
(aal-102) can inhibit NIK-induced NF-kB activation, 
while the central GM domain is sufficient for collabora- 
tion with NIK to activate NF~/cB (Figure 5b). More- 
over, the SH2 domain of Grb7 can enhance its 
collaborative ability in NIK-induced NF-/cB activation 
(Figure 5b). 



NIK is involved in NF-kB activation mediated by EGFi 
heregulin receptors 

To determine the role of Grb7 in the NF-/cB activation 
pathways mediated by ErbBs, we performed NF-/cB 
luciferase reporter gene assays. The results indicated 
that overexpression of ErbB2/ErbB4 could activate NF- 
/cB and this was enhanced by EGF stimulation 
(Figure 6a). In these assays, NIK could collaborate 
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Figure 6 NIK is required for NF-/cB activation mediated by EGF/heregulin receptors, (a) Effects of NIK and its kinase inactive 
mutant on ErbB2/ErbB4- and Grb7-mediated NF-kB activation. 293 cells (-1 x 10 5 ) were transfacted with 0.3 of NF-fcB-luciferase 
reporter plasmid, 0.3 of RSV-/?-galactosidase plasmid, and the indicated expression plasmids (each 1 fig). At 16 h after transfection, 
luciferase activities were measured and normalized based on /?-galactosidase levels. Data shown are averages and standard deviations 
of relative luciferase activities from one representative experiment in which each transfection was performed in triplicate, (b) EGFR/ 
ErbB2-mediatcd NF-kB activation in wild-type and NIK-/- embryonic fibroblasts. Wild-type or NIK-/- embryonic fibroblasts 
(~ 1 x 10 5 ) were transfected with expression plasmids for EGFR (1 jig) and ErbB2 (1 ^g) or empty control plasmid (2 /ig), together with 
NF-/vB-luciferase (0.5 /ig) and RSV-£-galactosidase reporter plasmids. At 8 h after transfection, cells were treated with EGF (lOng/ml) 
or left untreated for 6 h. Reporter gene assays were performed as in (a), (c) ErbB2/ErbB4-mediated NF-kB activation in wild-type and 
NIK-/- embryonic fibroblasts. Wild-type or NIK-/- embryonic fibroblasts ( - 1 x 10 5 ) were transfected with expression plasimids 
for ErbB2 (I fig) and ErbB4 (1 fig) or empty control plasmid (2 fig), together with NF-/cB-iuciferase (0.5 /zg) and RSV-^-galactosidase 
reporter plasmids. At 8h after transfection, ceils were treated with heregulin (lOng/ml) or left untreated for 6h. Reporter gene assays 
were performed as in (a) 
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with ErbB2/ErbB4 and Grb7 to activate NF-/cB. On the 
other hand, a kinase inactive mutant of NIK, but not 
that of MEKK3, inhibited ErbB2/ErbB4-mediated NF- 
kB activation (Figure 6a). 

To determine whether NIK is involved in EGF/ 
heregulin receptor-induced NF-/cB activation under 
physiological conditions, we examined whether EGF/ 
heregulin receptors can activate NF-kB in NIK-deficient 
embryonic fibroblasts by reporter gene assays. As shown 
in Figure 6b, c, we found that EGF/heregulin receptors 
could activate NF-kB in wild-type, but not NIK- 
deficient cells. Taken together, these data suggest that 
NIK is a component of EGF/heregulin receptor- 
mediated NF-kB activation pathways. 



Discussion 

NIK is a serine/threonine protein kinase that has been 
implicated in NF-kB activation pathways. In this study, 
we found that NIK interacts with Grb7 family members 
and is a component of the EGF/heregulin receptor- 
mediated NF-kB activation pathways. Our studies 
support previous reports that EGF/heregulin can 
activate the transcriptional factor NF-kB (Obata et al, 
1996; Sun and Carpenter, 1998; Biswas et al, 2000; 
Habib et al, 2001) and further provide a mechanistic 
explanation for this observation. 

Grb7 was initially identified as an EGF receptor 
binding protein (Margolis et al, 1992); thereafter many 
other binding partners have been reported for Grb7. 
These include HER2/Shc, SHPTP2, PDGFR, ErbB2, 
ErbB3, ErbB4, c-Kit, FAK, Tek/Tie2, c-Kit/SCFR, 
Rndl, IR, and caveolin (Han et al., 2001). Most of these 
binding partners are upstream regulators of Grb7 family 
proteins. Little is known about potential downstream 
effectors of the Grb7 family proteins. Previous studies 
have shown that the PR domain of GrblO interacts with 
c-Abl in vitro (Frantz et al. s 1997). It has also been 
suggested that the PR domain of Grbl4 interacts with 
Tankyrase in the mammalian overexpression system and 
this interaction is involved in vesicle trafficking (Lyons 
et al., 2001). However, it is unknown whether these 
proteins are associated with the Grb7 family members in 
untransfected cells. 

In this study, we identified NIK as a protein 
interacting with the GM domain of Grb7. NIK also 
interacts with GrblO and Grbl4, two other members of 
the Grb7 family. As far as we know, NIK is the first 
protein that has been shown to interact with the large 
central GM domain of the Grb7 family members. 
Endogenous coimmunoprecipitation experiments have 
suggested that NIK is associated with Grb7 and is a 
component of the EGF receptor signaling complex. A 
kinase inactive mutant of NIK, but not that of MEKK3, 
inhibits Grb7 and ErbB2/ErbB4-mediated NF-kB acti- 
vation. Moreover, experiments with NIK-deficient 
embryonic fibroblasts indicate that NIK is required for 
EGF/heregulin receptor-mediated NF-kB activation. 
Therefore, we propose that NIK is a downstream 
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effecter of EGF/heregulin receptor-mediated NF-kB 
activation pathways. 

Previously, it has been shown that the Grb7 family 
members are phosphorylated on serine and threonine 
residues (Stein et al., 1994; Ooi et al., 1995; Daly et al., 
1996; Dong et al, 1997; Reilly et al, 2000). The 
phosphorylation is either constitutive or can be induced 
by stimulation with growth factors, such as EGF, 
heregulin, and PDGF. Since NIK is a serine/threonine 
protein kinase, it would be interesting to examine 
whether NIK is responsible for the serine/threonine 
phosphorylation of the Grb7 family members. It is also 
possible that NIK functions as a kinase for other 
downstream signaling proteins, for example, c-Abl and 
Tankyrase, two proteins that are associated with the PR 
domain of the Grb7 family members. 

Grb7 has been shown to be amplified and over- 
expressed in concert with ErbB2 in several breast cancer 
cell lines and other cancer cell types (Margolis et al, 
1992; Akiyama et al, 1997; Tanaka et al, 1997). It has 
also been shown recently that EGF-induced NF-kB 
activation was a major pathway of cell-cycle progression 
in estrogen-receptor negative breast cancer cells (Biswas 
et al, 2000). In addition, human tumor cell lines 
resistant to TNF express high levels of EGFR, ErbB2, 
or ErbB3 (Hoffmann et al, 1998). Since NF-kB 
activation can prevent cells from apoptosis induced by 
divergent stimuli (Van Antwerp et al, 1996; Beg and 
Baltimore, 1996; Liu et al, 1996; Wang et al, 1998), it is 
possible that NF-kB activation is involved in cell 
proliferation and malignancy triggered by overexpres- 
sion of EGF receptor family members. The identifica- 
tion of NIK as a component of EGF/heregulin receptor- 
mediated NF-kB activation pathways may therefore 
provide a molecular target for drug development against 
cancers caused by overexpression of EGF/heregulin 
receptor family members. 



Materials and methods 

Reagents 

Recombinant EGF and heregulin (R&D Systems), monoclo- 
nal antibodies against FLAG and the HA (Sigma) epitopes, 
rabbit polyclonal antibodies against EGFR, ErbB2, Grb7 and 
NIK (Santa Cruz Biotechnology), and 293 cells (ATCC) were 
purchased from the indicated resources. Wild-type and NIK- 
deficient mouse embryonic fibroblasts (Dr Robert Schreiber, 
Washington University at St Louis), and MCF7 cells (Dr Gary 
Johnson, University of Colorado Health Sciences Center) were 
provided by the indicated investigators. 

Constructs 

NF-kB luciferase reporter construct (Dr Gary Johnson, 
University of Colorado Health Sciences Center), mammalian 
expression plasmids for Flag-NIK (Dr David Goeddel, 
Tularik Inc.), EGFR, ErbB2-4 (Dr Gibbes Johnson, Center 
for Biologies Evaluation and Research) were provided by the 
indicated investigators. Mammalian expression plasmids for 
HA-NIK, HA- or FLAG-tagged Grb2, GrblO, Grbl4, Grb7 
and its deletion mutants were constructed by PCR amplifica- 
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lion of the corresponding cDNA fragments and subsequently 
cloning into a CMV promoter-based vector containing a 5' or 
3' HA or FLAG tag. 

Antibody array screening 

The antibody arrays that contain 400 antibodies were 
purchased from Hypromatrix, Inc. To screen for NIK- 
associated proteins, 293 cells (5 x 10 6 ) were transfected with 
10 fig of expression plasmid for Flag-NIK. At 24 h after 
transfection, cells were lysed in 1 ml of Triton Extraction 
Solution (15mM Tris, pH 7.5, 120mM NaCl, 1% Triton, 25 mM 
KCUmM EGTA, 2mM EDTA, 0.1 mM DTT, 0.5% Triton X- 
100, 10/ig/ml leupeptin, 0.5 mM phenylmethylsulfonyl fluor- 
ide). The cell lysate was collected and applied to preblocked 
Antibody ArrayTM membranes for 2h. The membranes were 
then washed with TBS-T buffer (150 mM NaCl, 25 mM Tris, 
0.05% Tween-20, pH 7.5) and incubated with HRP-con- 
jugated anti-Flag antibody for 2 h at room temperature. The 
membranes were washed again and the signals were detected 
by ECL. 

Cell transfection and reporter gene assays 

293 cells (1 x 10 5 ) were seeded in 12-well dishes and transfected 
the following day by the standard calcium phosphate 
precipitation (Sambrook et al., 1989). Mouse embryonic 
fibroblasts (1 x 10 5 ) were seeded in 12-well dishes and 
transfected the following day with Lipofectamine 2000 reagent 
(Invitrogen) by following procedures suggested by the 
manufacturer. Within the same experiment, each transfection 
was performed in triplicate and, where necessary, empty 
control plasmid was added to ensure that each transfection 
receives the same amount of total DNA. To normalize for 
transfection efficiency, 0.1 fig of pRL-TK Renilla luciferase or 
RSV-/7-galactosidase reporter plasmid was added to each 
transfection. Luciferase and /?-galactosidase assays were 
performed as previously described (Chen et al., 2002). 
Luciferase activities were normalized on the basis of Renilla 
luciferase or /?-galactosidase expression levels. 

Coimmunoprecipitation and Western blot analysis 

For transient transfection and coimmunoprecipitation experi- 
ments, transfected 293 cells from each 100-mm dish were lysed 
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Hsp90 regulates processing of NF-kB2 p100 involving 
protection of NF-KB-inducing kinase (NIK) from autopha- 
gy-mediated degradation 

Guoliang Qing\ Pengrong Yan 5 , Zhaoxia Qu 1 , Hudan Liu 5 , Gutian Xiao 1 

1 Department of Cell Biology and Neuroscience, Rutgers, The State University of New Jersey, Piscataway, NJ 08854, USA 

NF-KB-inducing kinase (NIK) is required for NF-kB activation based on the processing of NF-kB2 plOO. Here we 
report a novel mechanism of NIK regulation involving the chaperone 90 kDa heat shock protein (Hsp90) and autophagy. 
Functional inhibition of Hsp90 by the anti-tumor agent geldanamycin (GA) efficiently disrupts its interaction with NIK, 
resulting in NIK degradation and subsequent blockage of pi 00 processing. Surprisingly, GA-induced NIK degradation 
is mediated by autophagy, but largely independent of the ubiquitin-proteasome system, Hsp90 seems to be specifically 
involved in the folding/stabilization of NIK protein, because GA inhibition does not affect NIK mRNA transcription and 
translation. Furthermore, Hsp90 is not required for NIK-mediated recruitment of the a subunit of IkB kinase to pi 00, a 
key step in induction of pi 00 processing. These findings define an alternative mechanism for Hsp90 client degradation 
and identify a novel function of autophagy in NF-kB regulation. These findings also suggest a new therapeutic strategy 
for diseases associated with pi 00 processing. 

Keywords: autophagy, geldanamycin, Hsp90; NF-kB2, NIK, proteasome-independent degradation 
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Introduction 

The non-canonical NF-kB pathway, based on processing 
of the nf-kbl gene product pi 00 to generate p52, plays an 
important role in the function and development of the sec- 
ondary lymphoid tissues, as well as in autoimmune disease 
progression and tumorigenesis [1-3]. Whereas the precur- 
sor protein pi 00 serves as a potent inhibitor of NF-kB, the 
processed product p52 is an important functional member 
of NF-kB [4]. Thus, the functions of pi 00 processing are 
two-fold: one is to relieve plOO-mediated inhibition and 
liberate specific NF-kB dimers, and the other is to generate 
functional p52 NF-kB. 
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The processing of plOO is a tightly regulated event. In- 
duction of this process strictly depends on NF-KB-inducing 
kinase (NIK) and its downstream kinase IKKa (a subunit 
of IkB kinase, also named IKK1) [5, 6], and is mediated 
only by a limited number of stimuli, such as lymphotoxin 
beta (LTp), B-cell activating factor (BAFF) and CD40 
ligand (CD40L) [2, 6-10]. One important function of these 
stimuli is to prevent basally translated NIK protein from un- 
dergoing degradation mediated by the tumor necrosis factor 
receptor-associated factor 3 (TRAF3) [11-13]. Stabilized 
NIK in turn specifically activates and recruits IKKa into 
the plOO complex via serines 866 and 870 of plOO [14]. 
After recruitment into the pi 00 complex, activated IKKa 
phosphorylates serines 99, 108, 115, 123 and 872 of p 1 00 
[14]. The phosphorylation of these specific serines results 
in ubiquitination and subsequent processing of pi 00 medi- 
ated by the p-TrCP ubiquitin ligase and 26S proteasome. 
respectively [6, 15. 16]. 

By controlling the stability of various signaling regula- 
tory proteins, the proteasome regulates various signaling 
pathways in addition to pi 00 processing. For example, 
almost all the known clients of the molecular chaperone 



GuoiiangQing etaf. © 



I Isp90 (90 kDa heat-shock protein), including many im- 
portant kinases and transcription factors, are found to be 
degraded by the proteasome when Hsp90 is inactivated 
by its specific inhibitor geldanamycin (GA), an anti-tu- 
mor drug [17-19]. On the other hand, the role of mac- 
roautophagy (simply referred to as autophagy hereafter) 
in the regulation of Hsp90 clients and specific signaling 
pathways remains largely unknown, although this mode of 
lysosome-dependent degradation is well-known to be the 
primary mechanism other than the proteasome employed 
for protein degradation within eukaryotes [19]. Addition- 
ally, whether Hsp90 is involved in pi 00 processing has not 
been determined yet. 

Here, we find that NIK is a novel client of Hsp90, which 
interacts with Hsp90 through its C -terminal regulatory do- 
main. GA inhibition of Hsp90 disrupts NIK/Hsp90 interac- 
tion and leads to NIK degradation and inhibition of pi 00 
processing. Notably, the GA-induced NIK degradation is 
independent of both ubiquitination and proteasome but is 
mediated by autophagy. However, Hsp90 is not required for 
the transcription/translation of NIK mRNA. Furthermore, 
Hsp90 is not required for NIK-mediated IKKa recruit- 
ment into the pi 00 complex either. Thus, Hsp90 regulates 
pi 00 processing indirectly via controlling stability'' of NIK 
protein. These findings establish a link among autophagy, 
Hsp90 and non-canonical NF-kB signaling for the first 
time, and also suggest a therapeutic strategy for diseases 
associated with pi 00 processing. 

Materials and Methods 

Expression vectors and reagents 

Expression vectors encoding pi 00 and NIK have been 
described previously [6, 20]. The anti-NIK (H248), anti- 
Hsp90 (F-8) and anti-p53 (FL-393) antibodies were from 
Santa Cruz Biotechnology, Inc. The antibody used for de- 
tecting mouse NIK protein (#4994) was from Cell Signaling 
Tech. The anti-actin (AAN01) and anti-HA(12CA5) anti- 
bodies were from Cytoskeleton Inc. and Roche Molecular 
Biochemicais, respectively. The antibody recognizing the 
N-terminus of p 1 00 (anti-pl 00N) was described previously 
[16]. The monoclonal antibodies for human CD40 and 
Myc were prepared from hybridomas G28-5 and 9E10, 
respectively [12]. 5-aminoimidazole-4-carboxamide 1-b- 
D-ribofuranoside (AICAR) and MG132 were from Biomol 
and Calbiochem, respectively [21]. 

Cell culture and transfection 

Human B-cell line Ramos RG69, mouse Ml 2.4.1 B cell 
stably infected with pCLXSN-NIK-HA, mouse fibroblasts 
ts20, Atg5 knockout mouse embryonic fibroblasts (MEFs) 
and TRAF3 knockout MEFs were gifts from Drs L Covey, 



SC Sun, HLOzer,N Mizushima and G Cheng, respectively. 
Human kidney 293 cells were described previously [22]. 
293, ts20 and MEF cells were cultured in Dulbecco's modi- 
fied Eagle's medium supplemented with 10% fetal bovine 
serum and 2 mM L-glutamine. Ramos RG69 and Ml 2.4.1 
cells were cultured in RPMI supplemented with 10% fetal 
bovine serum, 2 mM L-glutamine and 10 mM 2-mercap- 
toethanol [11, 12]. ts20 cells were usually maintained at 
35 °C instead of 37 °C. To inactivate El in the ts20 cells, 
the culture temperature was shifted to 39 °C. 293, ts20 
and MEF cells were transfected with DEAE-Dextran and 
LipofectAMINE 2000 (Invitrogen), respectively [23]. 

Immunohlottmg and hnmunoprecipitation 

Whole-cell lysates were prepared by lysing the cells in 
radioimmuoprecipitation assay buffer (R1PA buffer) (50 
mM Tris-HCl pH 7.4, 1 50 mM NaCI, 1 mM EDTA, 0,25% 
Na-deoxycholate, l%NP-40, I mM dithiothreitol, 1 mM 
phenylmethylsulfonyl fluoride (PMSF). For immunoblot- 
ting (IB) assays, the whole-cell lysates (-30 fig) were 
fractionated by SDS-PAGE, transferred to nitrocellulose 
membranes and subjected to IB using the indicated antibod- 
ies. To detect MG132-induced recovery of Akt from GA- 
mediated degradation, the whole-cell lysates were made by 
the RIPA buffer containing 1% SDS [24]. For hnmunopre- 
cipitation (IP) assays, the whole-cell lysates (-1 000 jag) 
were diluted to 1 mi using RIPA buffer, incubated for 30 
min at 4 °C in the presence or absence of GA, followed by 
incubating with the indicated antibodies for 1 h and with 30 
pi protein-A-agarose for another 2 h at 4 °C. The agarose 
beads were washed three times with RIPA buffer, and the 
bound proteins were eluted by 2 y SDS loading buffer and 
subjected to SDS-PAGE and IB analysis [25]. 

Polysome and RNA isolation 

Ramos RG69 cells were treated for 2 h with anti-CD40 
antibody ( 1 0 \xglm\) or G A (2 pM) or left untreated. Twenty 
percent of treated or untreated cells (2*10 7 cells/each 
group) were pelleted and employed as a source for total 
RNA using Trizol reagent (Invitrogen). The remaining 
cells were incubated with cycloheximide (100 pg/ml) for 
15 min, followed by cytoplasm extraction. The cytoplas- 
mic extract was then loaded onto a linear 10-45% (w/w) 
sucrose gradient and centrifuged for 2 h 30 min at 36 000 
r.p.m. with a Beckman SW-4 J rotor. After centrifugation, 
the gradient was fractionated and its absorbance at 254 nm 
was determined continuously by an Isco UA-5 monitor 
as described before [12, 21]. The polysome-containing 
fractions were pooled and subjected to phenol extraction. 
RNA was precipitated with ethanol and dissolved in DEPC- 
treated water. 
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Hsp90 protection of NIK from autopliagy 



Real-lime reverse transcription -PCR analysis 

Two micrograms of total RNA or RNA isolated from 
polysomes were reverse-transcribed for real-time reverse 
transcription (RT)-PCR using the following primers: 
NIK, forward S'-CCCACCTTTTCAGAAGCATT, 
reverse S'-CATTTTGCCCTCTGTAGCATGG; 
pi 00, forward S'-TGCCATTGTGTTCCGGACA, 
reverse 5 '-TGTTTGGAATC AG ACACGTCCC: 
GAPDH. forward 5'~GCAAATTCCATGGCACCGT, 
reverse 5 ? -TCGCCCCACTTGATTTTGG. 
Real-time PCR assays were performed with an ABI 
Prism 7900HT sequence detection system using the SYBR 
Green PCR Core Reagent (Applied Biosystems, Foster 
City, C A, USA) [12,21]. 

Results 

Iisp90 is required for both NIK protein stabilization and 
pi 00 processing 

Since GA, a specific inhibitor of Hsp90, has been used 



for tumor treatment in phase 11 clinical trials [18, 26]. 
we investigated whether GA inhibition of Hsp90 blocks 
pi 00 processing, a signaling pathway that has recently 
been linked to tumorigenesis [2, 3], As shown in Figure 
I A, addition of GA efficiently prevented plOO processing 
induced by non-canonical NF-kB inducing stimuli (BAFF 
or anti-CD40 antibody) at a concentration as low as 2 (.iM. 
Moreover, GA inhibition of Hsp90 also suppressed pi 00 
processing induced by overexpression of NIK. a kinase 
downstream of ligation of these receptors, in a dose-de- 
pendent manner (Figure IB). Interestingly. GA inhibition 
of pi 00 processing was associated with decreased levels 
of NIK protein (Figure IB, lower panel). This result is 
consistent with the molecular chaperone function of Hsp90 
in protein folding and stabilization [17], suggesting that 
Hsp90 regulates pi 00 processing possibly by stabilizing 
the NIK protein. 

NIK is a novel bona fide client of Hsp90 

The results shown above also suggested that NIK is a 
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Figure 1 GA inhibition of Hsp90 efficiently prevents plOO processing, which is correlated with decreased levels of NIK protein. (A) 
GA inhibition of plOO processing triggered by receptor ligation. Ramos B cells were treated with BAFF (0.25 pg/ml) or anti-CD40 
(10 Jig/ml) in the presence of increased amounts of G A for 10 h, followed by IB assays using anti-plOON antibody. Equal amounts of 
proteins (30 jig) were loaded for each lane. (B) GA inhibition of plOO processing induced by overexpression of NIK. 293 cells were 
transfected with pi 00 and NIK. Twenty-four hours after transfection. the cells were incubated with the indicated amount of GA for 
20 h, followed by IB assays using anti-pi 00N antibody (upper panel) or anti-NIK antibody (lower panel). 
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previously unidentified client of Hsp90. To test this pos- 
sibility, we examined whether NIK forms a complex with 
Hsp90 by performing co-IP (co-IP) assays. As expected. 



NIK stably bound to Hsp90 (Figure 2A, lane 2). We also 
examined whether GA disrupts the NIK/Hsp90 interaction. 
To do so. we added GA into the cell lysate immediately 
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Figure 2 NIK physically interacts with Hsp90, which is sensitive to GA. (A) GA inhibition of NIK/Hsp90 interaction. Cell lysates 
from 293 celts transfected with NIK were immunoprecipitated with anti-Msp90 antibody in the presence or absence of 10 |iM GA. 
followed by IB using anti-NIK antibody (top panel). Some of the cell lysates were directly subjected to IB for the expression levels 
of NIK (middle panel) and Hsp90 (bottom panel). (B) Interaction between endogenous NIK and Hsp90. Cell lysates from M 12.4. 1 
B ceils stably infected with pCLXSN-NIK-HA (labeled as M 12-N'IK) and CD40L~treated Ramos cells (labeled as Ramos) were im- 
munoprecipitated with anti-I lsp90 antibody (lanes 2 and 4) or control IgG (lanes 1 and 3), followed by IB using anti-NIK antibody 
(upper panel). Some of the cell lysates were directly subjected to IB for the expression level of Hsp90 (lower panel). The non-specific 
band was indicated as asterisk (*). Note the CD40L treatment is to prevent NIK from the proteasomal degradation largely mediated by 
TRAF3 (see Figure 7C for details). (C) Schematic picture of NIK and its mutants, showing the N-terminal domain (NTD), the kinase 
domain (KD), and the C-termina! domain (CTD). (D and E) Mapping of domains within NIK responsible for binding to Hsp90. 293 
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(D) or anti-NIK C-terminal antibody (E) to detect the eo-immunoprecipitated NIK and NIK mutants (top panel). T he expression 
levels of Hsp90, NIK or NIK mutants were also detected by IB (lower panels). The multiple bands detected for NIK mutants were 
due to constitutive phosphorylation at their C-terminal region (20). 
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before co-IP assay, because GA efficiently triggers NIK 
protein degradation in vivo (Figure IB). Importantly. GA 
efficiently blocked the interaction between NIK and Hsp90 
(Figure 2A, lane 3). To confirm the NIK/Hsp90 interac- 
tion under more physiological conditions, we repeated 
the co-IP assays using NIK protein from mouse B cells 
stably expressing a low level of HA-tagged NIK or us- 
ing endogenous NIK protein from human B cells [II, 12]. 
Consistently, both stably expressed and endogenous NIK 
form a complex with endogenous Hsp90 (Figure 2B, lanes 
2 and 4, respectively). Taken together, these results clearly 
indicated that NIK is a novel client of Hsp90. 

To identify the region within NIK protein responsible for 
the interaction with Hsp90, we repeated the co-IP assay us- 
ing various NIK C- or N-terminal deletion mutants (Figure 
2C). Deletion of 368 amino acids from the C-terminal end 
of NIK largely prevented its interaction with Hsp90 (Figure 
2D, lane 3). Further deletion from this end completely dis- 
rupted the interaction between NIK and Hsp90 (Figure 2D, 
lane 4). In contrast, deletion of up to 324 amino acids from 
the N-terminal end of NIK had no effect on the NIK/Hsp90 
interaction (Figure 2D, lane 2). These results suggested 
that the C-terminal regulatory domain (CTD) of NIK is 
required for its interaction with Hsp90, while the N-termi- 
nal regulatory domain and the middle kinase domain are 
largely dispensable for this association. In further support, 
the CTD alone was sufficient to bind to Hsp90 (Figure 2E, 
lane 4). Thus, the C-terminal regulatory domain of NIK is 
involved in its association with Hsp90. 

NIK degradation induced by GA is independent of the 
ubiquitination and proteasome system 

Since it has been reported so far that GA-induced 
degradation of Hsp90 clients is mediated by the ubiqui- 
tin-proteasome pathway [17-19], we first investigated the 
role of ubiquitination in GA-mediated degradation of NIK. 
To achieve this goal, we utilized the temperature-sensi- 
tive (ts) mutant cell line (ts20) expressing a heat-labile 
ubiquitin-activating enzyme (El) and thus defective in 
the ubiquitin pathway upon heat shock [27]. Surprisingly, 
heat shock failed to prevent GA-induced NIK degradation 
in these mutant cells (Figure 3 A, lane 4). This was not due 
to inefficient inactivation of EI by heat shock, because it 
completely blocked p53 degradation (lane 6). It is worth 
to note that the heat-shock condition we used did not cause 
NIK dissociation from Hsp90 (Figure 3B), suggesting 
NIK was not denatured under this condition. These results 
demonstrated that the ubiquitin system is not required for 
GA-induced NIK degradation. 

These results also suggested that NIK degradation by 
GA might be independent of the proteasome, although 
the proteasome can mediate either ubiquitin-dependent or 
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Figure 3 GA-induced NIK degradation does not involve the ubiqui- 
tin-proteasome system. (A) Ubiquitination system is dispensable for 
GA-induced NIK degradation. NIK or mock transfected ts20 cells 
were incubated at 35 °C (labeled as N'f) or 39 °C (labeled as HS) 
in the presence of 10 uM GA ('+) or DM SO (-) for 20 h, followed 
by IB using NIK antibody (lanes 1-4) or anti-p53 antibody (lanes 
5-6). (B) Heat shock fails to block the NIK/Hsp90 interaction. Cell 
lysates from normal or heat shocked cells transfected with NlK-ex- 
pressing or empty vector were immunoprecipitated with anti-Hsp90 
antibody, followed by IB using anti-NIK antibody (top panel). Some 
of the cell lysates were directly subjected to IB for the expression 
levels of NIK (middle panel) and Hsp90 (bottom panel). (C) The 
proteasome is dispensable for GA-induced NIK degradation. 293 
cells transfected with NIK alone (lanes 1-3) or both NIK and pi 00 
(lanes 4-6) were incubated with 10 (.tM GA (+) or DMSO (-) in the 
presence or absence of 25 jliM MG 132 for 20 \\ followed by IB using 
the indicated antibodies. 



-independent proteolysis [28]. To address this important 
issue, we inhibited the proteolytic activity of the protea- 
some using MG 132, a specific inhibitor of the proteasome. 
Consistent with the essential role of the proteasome in p 1 00 
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processing, addition of MG132 efficiently inhibited pro- 
cessing of pi 00 (Figure 3C, lane 6). However, the addition 
of MG132 failed to block GA-induced NIK degradation 
(lane 3). Of note, the mechanisms mediating inhibition 
of pi 00 processing by GA and MG132 are different, as 
evidenced by that NIK expression was suppressed by GA 
(upper panel, lane 3) while MG1.32 alone failed to do so 
(lower panel, lane 6). As a matter of fact, MG 1 32 treatment 
alone actually increased NIK protein levels (clearer in short 
exposure, data not shown; also see Figure 7). Collectively, 
these studies clearly demonstrated that NIK degradation 
in the absence of Hsp90 function is independent of both 
ubiquitination and proteasome. further suggesting that an 
unidentified mechanism is responsible for the degradation 
of this new Hsp90 client. 



potential effects of GA on NIK mRNA transcription and 
translation by performing the real-time RT-PCR and poly- 
some fractionation analysis. As a control, the transcription 
and translation of pi 00 mRNA was also examined. In 
agreement with the fact that CD40L can activate canonical 
NF-kB to induce pi 00 expression, we found that CD40 
antibody treatment dramatically enhanced pi 00 mRNA 
transcription and subsequent protein translation (Figure 
5, column 4). However, GA treatment hardly influenced 
NIK mRNA transcription and translation (column 2). Taken 
together, these studies strongly suggested that Hsp90 regu- 
lation of NIK biosynthesis is largely, if not completely, at 
the protein level. 



GA-mediated NIK degradation is largely mediated by 
autophagy 

To define the novel mechanism by which NIK is de- 
graded in the absence of Hsp90 function, we examined the 
possible role of autophagy, since autophagy is the other ma- 
jor system responsible for protein degradation in addition to 
the proteasome [19, 21]. As shown in Figure 4A, AICAR. 
an inhibitor of autophagy [21, 29], efficiently prevented 
NIK degradation induced by GA (top panel, lane 3). The 
role of AICAR is specific, because it failed to protect Akt, 
a well-known client of Hsp90, from GA-mediated degrada- 
tion (middle panel, lane 3). Consistent with previous studies 
showing that Akt degradation induced by G A depends on 
the proteasome [24], proteasome inhibition by MGI32 
rescued Akt from GA-induced degradation (middle panel, 
lane 4). These studies suggested that autophagy may be 
responsible for the GA-mediated degradation of NIK. 

To validate these biochemical studies, we utilized the 
Atg5-deficient cells. Atg5 is essential for autophagosome 
formation, and knockout of Atg5 blocks autophagy [30]. 
Consistent with the results shown above, knockout of Atg5 
also significantly inhibited GA-triggered degradation of 
NIK (Figure 4B, top panel, lane 4). In sharp contrast, Atg5 
is not required for GA-induced Akt degradation, because 
Akt was still degraded in the Atg5 null cells (Figure 4B, 
middle panel, lane 4). Thus, N I K degradation in the absence 
of Hsp90 is mediated by autophagy. This evidence also 
indicated that autophagy may function as an alternative 
mechanism for Hsp90 client degradation when Hsp90 
function is lost. 

Hsp90 is not required for NIK transcription or transla- 
tion 

Although our biochemical and genetic data clearly 
demonstrated that GA treatment induces autophagy-me- 
diated degradation of NIK protein, we also examined any 
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Figure 4 NIK protein degradation induced by GA is largely medi- 
ated by autophagy. (A) AICAR, an inhibitor of autophagy. blocks 
GA-induced NIK degradation. 293 cells transfected with NIK or Akt 
were incubated with 10 uM GA (+) or DMSO (-) in the presence 
of AICAR (I mM), or MG132 (25 uM) for 20 \\ followed by IB to 
detect protein levels of NIK (top panel) or Akt (middle panel). The 
protein level of actin (bottom panel) was detected as a loading control. 
(B) GA-induced degradation of NIK is blocked in Atg5 deficient 
cells, Atg5 wild type or null cells transfected with NIK or Akt were 
incubated with 5 uM GA (+) or DMSO R for 20 h, followed by 
IB as described in (A). 
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Hsp9() is dispensable for NIK-mediated IKKa recruitment 
to pi 00 

In addition to its function in protein stabilization. Hsp90 
may also play other important roles in cell signaling. For 
example, Hsp90 has been found to be involved in signaling 
complex assembly [31]. We thus also examined whether 
Hsp90 is required for the formation of NIK/I KKa/p 100 
complex, a step serving as a molecular switch for pi 00 
processing [12, 14]. Since NIK nucleates the signaling 
complex by functioning as an adaptor to bind to both IKKa 
and plOO [14], we first checked the effect of GA on the 
NIK/IKKa and NIK/plOO interactions. Although it could 




Figure 5 GA treatment does not change the transcription or transla- 
tion of NIK mRNA. (A) GA addition has no obvious effect on NIK 
RNA transcription. Ramos B cells were either untreated or treated 
for 1 0 h with DMSCX G A (2 uM) or anti-CD40 ( 1 0 \xg/m\\ followed 
by RNA extraction. NIK and pi 00 mRNAs were quantitated by 
real-time RT-PCR. The amount of NIK and plOO mRNA was nor- 
malized to the level of GAPDH mRNA. The values represented fold 
change in mRNA abundance relative to the DM SO- treated sample 
(arbitrarily set as one-fold) and were averages of three independent 
experiments. (B) GA addition has no obvious effect on NIK protein 
translation. Polysomes were isolated from the Ramos B cells treated 
as in (A), followed by RNA extraction. The mRNA levels of NIK 
and pi 00 in the polysomes were quantitated by real-time RT-PCR 
as described in (A). 



efficiently disrupt the interaction between NIK and Hsp90 
(Figure 2 A), GA had no effect on NIK binding to IKKa or 
pi 00 (Figure 6A and 6B, lanes 3). Not surprisingly, NIK 
recruitment of IKKa to pi 00 was also resistant to GA 
treatment (Figure 6C. lane 3). 

Hsp90-mediated maturation is upstream of TRAF3-medi- 
ated proteasomal degradation of NIK protein 

In resting cells, NIK protein is usually undetectable 
(Figure 7A, lane 1). at least partially due to TRAF3-me- 
diated proteasomal degradation [11-13]. Hence, it seems 
that NIK is regulated by both autophagic and proteasomal 
degradation. However, the potential link between these 
two degradation mechanisms is unknown. To address 
this important issue, we investigated the effect of GA on 
NIK in both TRAF3 wild type and knockout cells in the 
presence or absence of MGI32. Consistent with previous 
findings [1 1-13], MG132 treatment or TRAF3 deficiency 
could stabilize NIK in the absence of GA (Figure 7 A, lane 
3 and 7B, lane 1, respectively). However, GA addition 
could diminish the effect of MG 1 32 treatment or TRAF3 
knockout (Figure 7A and 7B, lanes 4 and 2, respectively). 
Of note, the constitutive processing of plOO caused by 
TRAF3 deficiency was also blocked by GA (Figure 7B, 
lane 2). These results suggested that Hsp90-mediated 
maturation of NIK protein precedes the TRAF3-midated 
proteasomal degradation. 

Discussion 

The proteasome and autophagy are two highly conserved 
mechanisms that are primarily employed for protein deg- 
radation within eukaryotes. It is generally believed that 
autophagy is in principle a non-selective, bulk degrada- 
tion system of long-lived proteins and organelles through 
the lysosome; while the proteasome specifically degrades 
short-lived proteins, including regulatory proteins and mis- 
folded proteins caused by the absence of Hsp90 function. 
Our recent studies showed that Hsp90 inhibition leads to 
autophagic but not proteasomal degradation of IKK [21]. 
The data presented in the current study demonstrate that 
NIK, a novel client of Hsp90, is also degraded by autophagy 
when Hsp90 function is inhibited. This study thus provides 
the second piece of evidence showing that Hsp90 clients 
may be targeted for degradation by a mechanism different 
from the proteasome with autophagy serving as the alter- 
native mechanism. 

Previous studies have clearly demonstrated that newly 
synthesized NIK protein is rapidly eliminated by TRAF3- 
mediated proteasomal degradation [11-13]. It seems that 
proteins other than TRAF3 may also contribute to the 
proteasomal degradation of NIK protein, since inhibition 
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Figure 6 GA disruption of N1K/Hsp90 interaction has no effect on 
NIK-medialed recruitment of IKKa to pi 00. (A) GA inhibition of 
Hsp90 does not affect the NIK/IKKa interaction. 293 cells were 
(ransfected with an empty vector or the vector expressing NIK, fol- 
lowed by IP using anti-l KKa antibody in the presence or absence of 
GA (10 uM) and IB using anti-NIK (top panel). Direct IB was also 
performed to check the expression levels of trans fected NIK (2nd 
panel from the top), endogenous Hsp90 (3rd panel) and IKKa (bot- 
tom panel). (B) GA inhibition of Hsp90 does not ailect the NIK/pl 00 
interaction. 293 cells were transfected with the indicated constructs, 
followed by IP using anti-plOO antibody in the presence or absence 
of GA (10 uM) and IB using anti-NIK (top panel). Direct IB was also 
performed to check the expression levels of NIK (middle pane!) and 
pi 00 (bottom panel). (C) GA inhibition of Hsp90 does not affect N I K- 
mediated IKKa recruitment to pi 00. 293 cells were transfected with 
the indicated constructs, followed by IP using anti-plOON antibody 
in the presence or absence of GA (10 jiM) and IB using anti-IKKa 
(top panel). The expression levels of Hsp90 (middle panel) and IKKa 
(bottom panel) were also examined by direct IB. The NIK and pi 00 
expression levels were similar to those shown in (B). 
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of the proteasome by MG 1 32 could further significantly in- 
crease NIK protein levels inTRAFS knockout cells (Figure 
7B). But more importantly, Hsp90-mediated folding and 
maturation of nascent NIK protein is prior to the TRAF3- 
mediated proteasomal degradation, or in other words, the 
NIK protein degraded by theTRAF3-activated proteasome 
is already maturated (Figure 7). Based on these findings, 
a model of NIK regulation is presented in Figure 7C. In 
brief. Hsp90 binds to newly synthesized NIK protein, which 
promotes the correct folding, maturation and/or conforma- 
tion maintenance of NIK. When Hsp90 function is absent 
such as upon inhibition by GA, the nascent NIK protein 
cannot be folded correctly and/or the mature NIK protein 
cannot maintain the correct conformation, resulting in its 
degradation via the autophagy pathway. In resting cells, 
however, the mature NIK protein associated with Hsp90 
is still rapidly degraded by the proteasome, which is medi- 
ated by TRAF3 and possibly also by other proteins such as 
TRAF2. The non-canonical NF-kB stimuli, such as BAFF. 
Lip and CD40L, somehow lead to TRAF3 degradation and/ 
or its dissociation from NIK, thereby protecting NIK from 
proteasomal degradation. The NIK protein that has escaped 
from both autophagic and proteasomal degradation then 
functions as the molecular switch for pi 00 processing. 

Like the proteasomal proteolysis, autophagic degrada- 
tion has also been linked to the pathogenesis of various 
disorders, particularly tumorigenesis [19, 32-34]. Current 
models suggest that autophagy generally contributes to 
tumor suppression, and defects in autophagy facilitate or 
even lead to oncogenesis. The responsible mechanisms, 
however, remain unclear. As over-activation of the non-ca- 
nonical NF-kB signaling has been found in various tumors 
[1-3], our study provides one possible explanation for the 
tumor suppression function of autophagy: by specifically 
targeting signaling regulatory proteins (such as NIK and 
IKK) for degradation, autophagy negatively regulates sig- 
naling pathways (such as NF-kB pathways) that contribute 
to tumorigenesis. 

Another important aspect of these data is the identifica- 
tion of Hsp90 as an essential component for the non-ca- 
nonical NF-kB signaling. In addition to IKK regulation 
[21], another important function of Hsp90 is to regulate 
NIK, whose expression functions as a molecular switch 
in pi 00 processing and ultimate activation of the alterna- 
tive NF-kB signaling [12, 14]. Although it is not required 
for NIK mRNA transcription and translation (Figure 5). 
Hsp90 is necessary for NIK expression and subsequent 
pi 00 processing (Figure I). Thus, the role of Hsp90 in 
controlling NIK expression is to protect NIK protein from 
autophagic degradation by facilitating its correct folding 
and maturation. 

Although this is the first demonstration of a link of Hsp90 
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Figure 7 Hsp90 function is required for the increase of NIK protein mediated by the proteasome inhibition or TRAF3 deficiency. (A) GA 
inhibition of Hsp90 prevents the MG132-induced increase of NIK protein. Wild-type MEFs were treated with the indicated drugs for 20 h, 
followed by IP-IB using anti-NIK antibody (upper panel) for endogenous NIK expression. Some of the cell lysates were directly subjected 
to IB for the expression level of actin (lower panel). (B) GA inhibition of Hsp90 prevents NIK protein increase and p 1 00 processing caused 
by TRAF3 deficiency. TRAF3 null MEFs were treated with GA (10 \iM\ MG132 (25 uM), or DMSO for 20 h, followed by IB to detect the 
expression levels of endogenous NIK (top panel), p52 (middle panel) and actin (bottom panel). (C) Dual regulation of NIK by autophagic and 
proteasomal degradation. In resting cells, newly synthesized NIK proteins bind to Hsp90 for their maturation and/or conformation mainte- 
nance, with any free NIK being degraded via autopagy-lysosome pathway due to failure of correct folding and/or conformation maintenance. 
However, the mature NIK proteins, which are still associated with Hsp90. are rapidly captured by TRAF3 and quickly degraded by the 
proteasome. In response to the non-canonical NF-kB stimuli, NIK proteins are somehow freed from TRAF3 and therefore being stabilized. 
The stabilized NIK proteins then induce plOO processing for the activation of the non-canonical NF-kB signaling (see text for details). 



to the non-canonical NF-kB signaling, the importance of 
Hsp90 for activation of the canonical NF-kB pathway 
has already been suggested [35, 36]. Mechanistic studies 
showed that RIP and IKK, two important components for 
NF-kB activation, are Hsp90 clients. Like most Hsp90 
clients, RIP is degraded by the proteasome when its inter- 
action with Hsp90 is disrupted by GA [36]. Similarly, GA 
treatment also leads to IKK degradation. However, the GA- 
induced IKK degradation is not through the proteasome but 
rather mediated by autophagy [21], which resembles the 
NIK degradation induced by GA. Interestingly, disruption 
of Hsp90/IKK association abolishes the recruitment of IKK 
to the tumor necrosis factor (TNF) receptor I (TNFR-I) and 
subsequent activation of IKK induced by TNF, a prototypic 
stimulator of the canonical NF-kB signaling [3 1 ]. Surpris- 
ingly, disruption of the Hsp90/NIK interaction does not 
affect NIK binding to its downstream factors IKKa or p 1 00 
and subsequent recruitment of IKKa to pi 00, essential 
steps forplOO processing (Figures 2 and 6). Moreover, NIK 
degradation induced by GA is mediated by autophagy but 
not by the proteasome (Figures 3 and 4). It therefore seems 
that different mechanisms are applied by Hsp90 to regulate 



the canonical and non-canonical NF-kB pathways. 

In addition to NF-kB pathways, Hsp90 function is also 
required for activation of several other signaling pathways 
that have been linked to tumorigenesis [ 1 7]. Due to its sig- 
nificance, Hsp90 is a therapeutic target of tumor treatment. 
As a matter of fact, Hsp90 has been identified as a specific 
target of the novel anti-tumor drug GA [18]. Thus, inhibi- 
tion of the non-canonical NF-kB activation pathway by GA 
may be a critical component of the anti-tumor activity of 
this drug, at least for some tumors. Reasonably, GA may be 
therapeutically effective for those tumors and autoimmune 
diseases associated with deregulated pi 00 processing. 
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MEKK1 (MEK kinase 1) is a mammalian serine/threonine 
kinase in the mitogen-activated protein kinase (MAPK) kinase 
kinase (MAPKKK) group (1). Being the first mammalian ho- 
molog of STE11, a MAPKKK that activates the pheromone 
responsive MAPK cascade of budding yeast, MEKK1 as its name 
indicates was thought to be an activator of the MAPK kinase 
(MAPKK) MEK1/2 and thus an activator of the ERK MAPK 
cascade. It therefore was rather surprising that titration experi- 
ments (2) or analysis of cells engineered to express MEKK1 from 
an inducible promoter (3) revealed that it is a far more potent 
activator of the JNK MAPK cascade. These observations made 
by using either the catalytic domain of MEKK1 (MEKK1A) or a 
672-aa C-terminal fragment recently were confirmed by using 
full-length human MEKK1 (Y. XJa, Z. Wu, B. Sin B. Murray, and 
M.K., unpublished work). Most importantly, when different 
mammalian MAPKKs were examined in vitro or in vivo for 
phosphorylation and activation by MEKK1, a MAPKK called 
JNKK1 (MKK4 or SEK1), whose function is JNK (and p38 
MAPK) activation (4) was found to be the preferred MEKK1 
substrate (Y. Xia, Z, Wu, B. Su, B. Murray, and M.K., unpub- 
lished work). Based on specificity constants, MEKK1 phosphor- 
ylates JNKK1 45 -fold more efficiently than it phosphor vlates 
MEK1/2 (Y. Xia, Z. Wu, B. Su, B. Murray, and MX, unpub- 
lished work), thus providing a clear biochemical explanation for 
the marked pro- JNK bias of MEKKL Targets for JNK include 
transcription factors c-Jun and ATF2, which are components of 
the AP-1 dimer that are involved in induction of the c-jun 
protooncogene (5). JNK-mediated phosphorylation enhances the 
transcriptional activity of both c-Jun and ATF2 (6, 7). Corre- 
spondingly, MEKK1 expression plasmids are potent activators of 
a chimeric c-Jun-GAL4 transcription factor, in which the c-Jun 
activation domain is fused to the GAL4 DNA binding domain (8), 
Overexpression of a catalytically inactive MEKKl(KM) mutant 
inhibits JNK activation by either epidermal growth factor (EOF) 
or tumor necrosis factor (TNF) (refs. 8 and 9 and Y. Xia, Z. Wu, 
B. Su, B. Murray, and M.K., unpublished work). This mutant was 
used to show that signals generated by occupancy of TNF type I 
receptor (TNF-R1) diverge downstream to the signaling proteins 
TRAF2 and RIP, which are recruited to TNF-RI, such that one 
pathway leads to JNK (and p38 MAPK) activation followed by 
stimulation of AP-1 activity and the other mediates NF-kB 
activation (10, 11) (Fig. 1). These experiments also demonstrated 
that NF-kB activation protects cells against TNF-induced apo- 
ptosis, whereas JNK (and p38) activation does not affect pro- 
grammed cell death either positively or negatively. Similar results 
were obtained by analysis of mice and cells deficient in the 
RelA(p65) subunit of NF-kB (12, 13). 

In light of these findings, it was somewhat surprising that under 
different circumstances overexpression of MEKK1 was found to 
stimulate NF-kB activity (14, 15). NF-kB is a dimeric transcrip- 
tion factor composed of Rel proteins whose activity is regulated 
through interaction with specific inhibitors, the IkBs (16-18). In 
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response to cell stimulation the IkBs are rapidly phosphorylated 
and then undergo ubiquitin-mediated proteolysis, resulting in the 
release of active NF-kB dimers that translocate to the nucleus. 
Initially, the demonstration that MEKK1 overexpression leads to 
NF-kB activation was based solely on the use of an NF-kB 
transcriptional reporter. As there are ample examples for tran- 
scriptional synergy between AP-1 and NF-kB (19, 20), such 
results should be interpreted with caution. It is expected that a 
signaling pathway that enhances only AP-1 activity still may 
stimulate an NF-KB-dependent promoter, even in the absence of 
overt AP-1 binding sites. Likewise, an AP-l-dependent promoter 
may respond to NF-kB even in the absence of recognizable 
NF-kB binding sites. In light of these limitations, a bigger surprise 
were the results of Lee et ai (21) who reported that addition of 
recombinant MEKK1A to a partially enriched fraction of non- 
stimulated HeLa cells stimulated a protein kinase activity that 
phosphorylated IkBc* at serines (S) 32 and 36, sites that previously 
were shown to be phosphorylated in response to cell stimulation 
with TNF or interleukin 1 (IL-1). Phosphorylation at S32 and S36 
results in polyubiquitination and degradation of IkBoi (22, 23). 
Homologous phosphoacceptor sites are essential for the induced 
degradation of other IkB proteins (23). As activation of an IkB 
kinase by MEKK1A was demonstrated by using a rather crude 
fraction whose polypeptide composition was not described, the 
identity of this activity remained a mystery. In the meantime, two 
other groups working independently have succeeded in purifying 
an inducible IkB kinase activity from extracts of TNF-stimulated 
HeLa or Jurkat cells (24, 25). Extensive purification of that 
activity, named IKK, which elutes from gel filtration columns as 
a large complex with an apparent molecular mass of 700-900 
kDa, revealed the presence of two polypeptides with molecular 
masses of 85 and 87 kDa that precisely coeluted with IkB kinase 
activity. Microsequencing and molecular cloning revealed that 
these polypeptides are closely related protein kinases named 
IKKa (or IKK1) and IKK/3 (or IKK2), respectively (24-26). 
IKKa and IKK/3 also were identified through a different ap- 
proach, based on yeast two-hybrid screens, as proteins that 
interact with a MAPKKK called NIK (NF-KB-inducing kinase) 
(27, 28). NIK originally was identified as a TRAF2-interacting 
kinase whose overexpression results in potent NF-kB activation 

(29) without any considerable effect on MAPKs, including JNK 

(30) . Therefore the observed interaction between NIK and the 
IKKs immediately suggested that NIK may be an upstream 
activator of IKK (Fig. 1). Although the IKK complex is similar in 
size to the MEKKlA-responsive activity, the relationships be- 
tween the two remained nebulous, and various attempts to 
stimulate IKK activity with modest amounts of MEKK1A ex- 
pression vector, that are sufficient for JNK activation, have failed 
(24) (D. Goeddel, personal communication). In addition, several 
reports indicating that NF-kB transcriptional reporters are not 
stimulated by low to modest doses of MEKK1 (which are suffi- 
cient for JNK activation), while being highly responsive to co- 
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Fig. 1. Signal transduction from TNF receptor type I (TNF-RI) to 
transcription factors AP-1 and NF-kB. Activation of TNF-RI results 
in recruitment of several signaling proteins including TR AF2 and RIP. 
By yet unidentified mechanisms these proteins lead to activation 
and/or recruitment of MAPKKKs, such as MEKK1 and NIK. MEKKI 
is responsible for direct activation of JNKK1, a MAPKK that directly 
activates JNK1/2 and p38 MAPK, thereby leading to stimulation of 
transcription factor AP-1. MEKK1 also may be involved in NF-kB 
activation. NIK or a closely related family member leads to activation 
of the IKK complex, which leads to phosphorylation of IkBs, thereby 
triggering their degradation. This results in activation of NF-kB. 

transfected NIK, have appeared (30, 31). However, in new work 
published in this issue of the Proceedings, Lee et al (32) present 
evidence that the MEKKI A-responsive activity they previously 
identified is none other than the cytokine-responsive IKK. Fur- 
thermore, they suggest that MEKKI may be a direct activator of 
IKKa and IKK/3. 

That IKK activity is regulated through phosphorylation of 
some of its subunits previously was demonstrated by the use of 
protein phosphatase 2A (PP2A) catalytic subunit, whose incu- 
bation with purified IKK resulted in loss of IkB kinase activity 
(24). Furthermore, coexpression with NIK stimulates the kinase 
activity of transiently expressed IKKa, which is also efficiently 
phosphorylated in vitro by NIK immunoprecipitates (33). Al- 
though no specificity constants were determined, IKK/3 appears 
to be a relatively poor NFK substrate (33). Analysis of the IKKa 
and IKK/3 protein sequences reveals several potential phosphoac- 
ceptor sites in a region conserved in all protein kinases, the T (or 
activation) loop, that resemble those that are used by MAPKKKs 
to activate MAPKKs (25). Indirect evidence that these sites may 
be used to activate IKKa and IKK/3 was provided by site-directed 
mutagenesis (25, 33), but so far these sites were not shown to be 
phosphorylated in TNF or IL-1 stimulated cells or be involved in 
eytokine-mediated IKK activation. Substitution of S176 in IKKa 
with alanine was found to decrease its phosphorylation and 
activation by NIK (33), whereas a dual substitution of SI 77 and 
S181 of IKK/3 with glutamic acid was reported to increase its 
catalytic activity (25). The current work (32) shows that recom- 
binant MEKK1A can phosphorylate a synthetic peptide corre- 
sponding to the T loop of IKK/3 and that substitution of S177 and 
S181 with alanines reduces the extent of 32 P incorporation (32). 
It also is shown that incubation of a partially purified preparation 
with MEKK1A results in phosphorylation of two polypeptides 
whose sizes match those of IKKa and IKK/3 (32). However, as 
these and similar experiments conducted with NIK have not been 
performed with fully purified proteins the results fall short of a 
conclusive demonstration that MEKK1 or NIK can directly 
phosphorylate and activate native IKKa and IKK/3. Nevertheless, 
the simplest interpretation of past and present results is that either 
of these MAPKKKs can activate IKK. 

An important question, however, that is yet to be answered 
is which MAPKKKs are physiologically involved in IKK and 
NF-kB activation and whether different NF-KB-activating 
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stimuli use the same MAPKKKs. It is also to be resolved 
whether MEKK1 acts exclusively on the JNK (and p38) to 
AP-1 pathway or whether it also is involved in IKK and NF-kB 
activation. In this respect, it would be useful to compare 
whether the specificity constants for IKKa or IKK/3 phosphor- 
ylation by MEKK1 match the one for JNKK1, the most 
efficient and relevant MEKK1 substrate identified so far. Most 
groups who cotransfected varying amounts of truncated 
MEKKI expression vectors with either a JNK reporter plasmid 
or an NF-kB transcriptional reporter find that JNK activity is 
potently stimulated at low input levels whereas NF-kB tran- 
scriptional activity is stimulated only bv very high doses of 
MEKKi ( 10, 30-32). High closes of MEKKI are known to have 
nonspecific effects (2). Activation of a GAL4 transcriptional 
reporter by the c-Jun-GAL4 chimera and cotransfected 
MEKKI parallels the stimulation of JNK activity (8, 34), but 
a different AP-1 reporter containing multiple c-Jun:ATF2 
binding sites is stimulated only by very high doses of MEKKI, 
similar to those required for stimulation of the NF-kB reporter 
(32). Although all groups seem to agree that cotransfection of 
a NIK expression vector has no effect on JNK activity, some 
find that it nevertheless can enhance AP-1 activity, albeit less 
efficiently than MEKKI (31). Currently it is hard to reconcile 
all of these results even if one invokes transcriptional synergy 
between AP-1 and NF-kB. More puzzling differences are 
found when the abilities of MEKK1A and NIK to activate 
NF-kB and IKK are compared. All groups agree that MEKKI 
is a much poorer activator of the NF-kB transcriptional 
reporter than NIK is (30-32). However, some find that 
MEKKI and NIK expression plasmids have similar effects on 
the activity of transiently expressed iKKa (32), and others find 
that NIK is a much more potent activator of IKKa than MEKK 
is, whereas IKK/3 is slightly more responsive to MEKKI than 
to NIK (35). A major difference between measuring the 
response of an NF-kB transcriptional reporter to MEKKI vs. 
activation of a transiently expressed epitope tagged IKKa or 
IKK/3 is that in the former case NF-kB activation depends on 
stimulation of endogenous (physiological) IKK activity, 
whereas in the latter case the transiently overexpressed IKK 
subunit probably is not incorporated into the physiological 
IKK complex. In fact, protein purification and immunopre- 
cipitation experiments strongly suggest that most of the IKK 
complexes are IKKa:IKK/3 heterodimers plus additional sub- 
units and that very little IKKa or IKK/3 homodimeric com- 
plexes exist (E. Zandi, D. Rothwarf, and M.K., unpublished 
results). It is important to express only small amounts of 
exogenous IKKa or IKK/3 to ensure their incorporation into 
the physiological 900-kDa IKK complex (26). It is therefore 
safer to compare the abilities of NIK and MEKKI to activate 
the endogenous IKK complex rather than the artificial IKKa 
or IKK/3 homodimers generated by transient overexpression. 
When such a comparison is performed, transient transfection 
of a NIK vector into 293 cells results in preferential activation 
of endogenous IKK whereas transfection of a full-length 
MEKKI vector results in preferential JNK activation (Fig. 2A). 
However overexpression of NIK can lead to JNK activation 
whereas overexpression of MEKKI can lead to IKK activation 
(Fig. 25). These results are in complete agreement with all 
published comparisons of the effect of these MAPKKKs on 
NF-kB and AP-1 transcriptional reporters. Nevertheless, it 
should be realized that these results do not rule out the 
possibility that, although weak, MEKKI may contribute to 
IKK activation nor do they prove that, although potent, NIK 
is a physiological NF-kB activator. In addition these experi- 
ments highlight the potential pitfalls associated with overex- 
pression of signaling proteins. 

In addition to proinflammatory cytokines IKK activity is 
potently stimulated by the Tax transactivator protein of human T 
cell leukemia virus (HTLV) (36, 37). This response leading to 
NF-kB activation is likely to play a major role in the leukemogenic 
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Fig. 2. Stimulation of endogenous IKK activity by NIK and MEKKL 
293 cells were transiently transfected with either Xpress-tagged NIK or 
Xpress-tagged MEKK1 full-length expression vectors (1 /xg DNA in A or 
2 ^ig DNA in B/60-mm plate). After 24 nr. cells were treated or not with 
TOP (20 ng/ml for 10 min) and then lysed. Cell lysates were immuno- 
precipitated (IP) with either antiTKKrt or anti-IKK/3 or anti-JNK anti- 
bodies. The IKK activity (KA) was determined by using glutathione 
5-transferase (GST)-IkBo' (1-54) as a substrate. The JNK activity (KA) 
was determined by using GST-cJun (1-79) as a substrate. 

function of this virus. Like proinflammatory cytokines Tax was 
proposed to act either via MEKK1 (37) or NIK (36). Although 
the strongest evidence in favor of MEKKI as a target is based on 
its ability to physically interact with Tax (37), the proNJK 
evidence is based on genetic arguments (36). Uhlik ct ai. (36) 
isolated variants of the Jurkat T cell line that fail to activate 
NF-kB in response to Tax. Although the basis for this defect 
currently is unknown, it can be complemented by transient 
expression of NIK but not by MEKKI overexpression (36). 

A major problem in sorting out the exact physiological func- 
tions of these and other MAPKKICs is the difficulty in detecting 
considerable changes in their enzymatic activity in response to 
cell stimulation by using conventional immunopreeipttation ex- 
periments. This deficiency can be overcome by genetic experi- 
ments similar to those that established the function of the yeast 
MAPKKK STEli in three distinct MAPK cascades (38, 39). 
Although we will have to await the results of gene knockout 
experiments in which the activities of NIK and MEKKI are 
selectively abolished, similar experiments conducted with com- 
ponents of the TNF-RI response pathway clearly support the 
earlier conclusion (10) that the pathways leading from this 
receptor to either JNK and AP-1 or IKK and NF-kB diverge at 
the level of TRAF2 and RIP (Fig. 1). Cells established from 
TRAF2 knockout embryos are defective in JNK activation in 
response to TNF, while exhibiting only a slightly retarded NF-kB 
activation response (40). In contrast, cells derived from RIP 
knockout embryos are defective in NF-kB activation, while 
exhibiting a normal JNK activation response (41). As MAP- 
KKKs, like MEKKI and NIK, are thought to act downstream to 
TRAF2 and RIP rather than upstream to them, it is unlikely that 
they play equal roles in transducing signals generated by TNF-R I 
activation to transcription factors. It is also possible that neither 
MEKKI nor NIK are involved in TNF signaling. After all, the 
MAPKKK family contains many other members in addition to 
these two usual suspects. 
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The mechanistic relationship of phosphorylation of the C terminus 
of IKK/3 with phosphorylation of its T-Ioop kinase domain within the 
IKK complex remained unclear. We investigated the regulatory role of 
the serine cluster residing immediately adjacent to the HLH domain 
and of the serines in the NEMO/IKKy-binding domain (NBD/yBD) in 
the Oterminal portion of IKK/3 in MEFs deficient in IKK/3 and IKKa 
and in yeast reconstitution system. We show that phosphorylation 
events at the C terminus of IKK/3 can be divided into autophosphoryl- 
ation of the serine cluster adjacent to the HLH domain and phospho- 
rylation of the NBD/yBD. Autophosphorylation of the serine cluster 
occurs immediately after IKK activation and requires IKKy In MEFs, 
this autophosphorylation does not have the down- regulatory function 
on the IKK complex that was previously described (1). On the other 
hand, phosphorylation of the NBD/yBD regulates IKKy-dependent 
phosphorylation of the T-loop activation domain in IKK/3 and, hence, 
IKK complex activation. Our study suggests that within the IKK com- 
plex, modulation of the NBD/yBD by IKKy is upstream to the T-loop 
phosphorylation. 



Phosphorylation of inhibitors of kB (IkB) 5 is catalyzed by the 700- 
900-kDa enzyme complex IkB kinase (IKK) (2-4). IKK is composed of 
two homologous catalytic subunits IKKa and IKK/3 (85 and 87 kDa, 
respectively), and an unrelated regulatory 52-kDa subunit IKKy (5) also 
known as NEMO (NF-kB essential modulator) (6). IKKy is required for 
the stimulation of IKK by upstream signals such as TNF, Tax, lipo- 
polysaccharide, and interleukin 1 (5, 6). 

IkBs regulate the activity of the NF-kB transcription factors. NF-kBs 
control the transcription of hundreds of genes involved in immunity, 
stress, and regulation of apoptosis and cellular proliferation. In resting 
cells, most NF-kB dimers are bound to inhibitory IkB proteins and 
sequestered in the cytoplasm (7). Diverse stimuli, including cytokines, 
bacterial and viral products, oxidants, and mitogens lead to activation of 
IKK, which phosphorylates two regulatory serine residues on IkBs (8). 
This phosphorylation leads to recognition by the protein, jS-TrCP, and 
to poiyubiquitination by a specific ubiquitin ligase (9, 10). After ubiq- 
uitination, the IkB proteins are rapidly degraded by the proteasome. 
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This frees NF-kB, which migrates to the nucleus where it binds to and 
stimulates the transcription of target genes (7). 

IKK complexes are composed of equal numbers of catalytic subunits 
(IKKa and/or /3) and regulatory y subunits (11). IKKa and IKK/3 have 
similar structures including kinase domains and canonical mitogen- 
activated protein kinase activation loops (T- loops) toward their N ter- 
mini (3). In addition, IKKa and IKK/3 contain leucine zipper motifs 
through which the catalytic subunits associate (12) and helix-loop-helix 
domains toward the C terminus (4). An a- helical region near the N 
terminus of IKKy binds to a 6-amino acid region (NF.MO/y-binding 
domain) at the very C terminus of IKKa and iKK/3, and interfering with 
this interaction diminishes stimulation of IKK by TNFa (13). 

Despite their structural similarities, IKKa and IKK/3 differ. IKK/3 is 
essential for the induction of NF-kB by most proinflammatory stimuli 
whereas IKKa has roles in limb development, skin differentiation, B-cel! 
maturation, and lymphoid organogenesis (14-19). Moreover, IKK/3 
homodimer has approximately a 30-fold higher activity toward IkB« 
than the IKKa homodimer (20), Some of these differences may be 
attributed, in part, to an ubiquitin-Iike domain present in IKK/3 but not 
IKKa. This domain is located between the kinase domain and leucine 
zipper of IKK/3, and its mutation or deletion causes loss of activity in 
IKK/3 (21). 

Like its substrate UBa, IKK is regulated by phosphorylation and 
ubiquiti nation. TRAF6 (TNF receptor-associated factor 6) is essential 
for IKK signaling through the IL- 1 receptor and Toll-like receptor (22). 
TRAF6 contains a RING domain that acts as a ubiquitin ligase (23). It 
undergoes trans-auto-ubiquitination (24), and it also ubiquitinates 
IKKy (25). Blocking ubiquitination prevents TRAF6-mediated activa- 
tion of IKK (26). Moreover, the T cell receptor appears to activate IKK via 
BCL10 and MALT1, which induce the ubiquitin ligase activity of TRAF6. 
RNA interference data indicate that TRAF2 and TRAF6 are required for 
IKK activation after T cell receptor ligation (25). In addition, other signaling 
pathways that induce IKK activity including NOD2 (which serves as an 
intracellular signal for bacteria) and genotoxic stress, activate NF-kB by 
ubiquitination of various lysine residues on IKKy (23, 27, 28). IKK may be 
down-regulated by dcubiquitinating proteases such as CYLD (the protein 
mutated in familial cylindromatosis), which associate with IKKy and deu- 
biquitinate TRAF2 and TRAF6 (29-31). 

All three subunits of IKK become phosphorylated within 10 min fol- 
lowing treatment of HeLa cells with TNF, with concomitant stimulation 
of IKK activity (1). IKK is inactivated by protein phosphatase 2a, indi- 
cating that it is activated by phosphorylation (2). IKK can also be 
dephosphorylated by protein phosphatase PP2C/3, and it has been 
shown to associate with PP2C/3 with kinetics consistent with a role in 
down- regulating its activity (32). Phosphopeptide mapping of IKK/3 
indicates that phosphorylation occurs at serine residues in the T-loop 
(Ser 1 ' 7 and Ser lsl ) and at a cluster of serines located between the HLH 
domain and the C terminus (1). Mutation of the T-loop serines of IKK/3 
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to alanines prevents IKK activation in mammalian cell lines, whereas 
conversion of these residues to glutamic acids makes the kinase consti- 
tutively active, indicating that the kinase is activated by phosphorylation 
of the T-loop (1, 3). Phosphorylation of the T-loop of IKK/3, which 
occurs when IKK is activated, is followed by progressive phosphoryla- 
tion of the cluster of serines at its C terminus (1). This phosphorylation 
was suggested to play a role in down- regulating the activity of IKK in 
I lei, a cells (1). A mutation mimicking phosphorylation in the NEMO/y 
binding domain (NBD/yBD) of diminishes its ability to activate 

NF-kB, suggesting that phosphorylation of this residue, in particular, 
may have regulatory significance (33). 

In this study, we investigated the regulatory role of the serine cluster 
residing immediately after the HLH domain and the serines in the NBD/ 
yBD in the C terminus of IKKjS in MEFs deficient in IKK/3 and IKKa and 
in yeast reconstitution system. We show that phosphorylation events at 
the C terminus of IKK/3 can be divided into autophosphorylation of the 
serine cluster immediately following the HLH domain, and phosphory- 
lation of the NBD/yBD. Autophosphorylation of the serine cluster 
occurs immediately after IKK activation, and requires \KKy. In MEFs, 
this autophosphorylation does not have the previously reported down- 
regulatory function (1). On the other hand, phosphorylation of the 
NBD/yBD regulates IKKy-dependent phosphorylation of the T-loop 
activation domain in IKK/3 and, hence, IKK complex activation, Our 
study puts regulation of the NBD/yBD through lKKy upstream of the 
T-loop phosphorylation and IKK activation, 

EXPERIMENTAL PROCEDURES 

Cell Culture and Establishing Stable Pools of MEFs— Mouse embry- 
onic fibroblasts (MEFs) deficient in IKK/3 (34) or IKKo and IKK/3 (35) 
were grown in Dulbecco's modified Eagle's medium, 10% fetal bovine 
serum with antibiotics and maintained at 37 °C, 5% CO.. To establish 
stable pools of HA-tagged wild type and C-terminal serine to alanine 
mutants of IKK/3, corresponding plasmids (pRc-j3- actin), (1) carrying a 
neomycin resistance gene were transfected using Lipofectamine 
PIus 1M (invitrogen). Stable pools of MEFs for each construct were 
selected by growing cells in 2 mg/ml G418 sulfate (Cellgro, Mediat- 
ech, Inc.) for 6 weeks. Stable pools were maintained in 0.25 mg/ml 
G418 sulfate after the selection period. For experiments, 1.0 X 10 6 
cells were seeded in 60- mm dishes for 24 h, before treating with 
TNFo (20 ng/ml) or 1L-I/3 (5 ng/ml) for the times indicated in the 
figures. Cells were harvested and the activities of IKK complexes 
were determined as described previously (4). 

Kinase Assays and bnmunoblots— GST -IkBoc-(1-54) was used as a 
substrate for IKK/3 because it contains the regulatory serines but lacks 
other residues that could be phosphorylated nonspecifically. It was 
expressed in bacteria and purified using glutathione-Sepharose beads 
{ A m er s h a m Bio sc i en ces) . 

Various peptides containing wild-type or mutant versions of the C 
terminus of IKK/3 were also produced so that they could be tested as 
possible substrates for IKK/3, Some of these peptides contain mutations 
in which serines were mutated to alanines, and all of these substrates 
spanned from the helix- loop-helix through the C terminus of IKK/3. 
DNA was amplified by polymerase chain reaction with full-length IKK0 
as template using Pfu Turbo (Stratagene, La jolla, CA), digested, and 
inserted into the bacterial expression vector pET-HET-Nl, which con- 
tains a Myc tag at the 5' -end and a His 6 tag at the 3' -end of the cloning 
site. DNA sequences of the constructs were verified by automated 
sequencing (Microchemical Core Facility/USC Norris Cancer Center). 
Plasmids were transformed into the bacterial strain BL21 and induced 
with isopropyKl-thio-/3-D-galactopyranoside. The bacterial pellet from 



500-ml culture was suspended in 50 ml of phosphate-buffered saline 
containing 6 m guanidine hydrochloride, sonicated for 3 min, frozen and 
thawed twice, and brought to a final concentration of 1% Triton X-100 
and 5 nw /3-mercaptoethanol. The lysate was cleared by centrifugation 
at 15,000 rpm for 30 min at 4 ,J C and incubated with 1 ml of pre-equili 
bra ted Ni-NTA superflow agarose (Qiagen) for 1 h at 4 ,J C. Unbound 
proteins were washed away, and the bound proteins were renatured 
with a series of 50-ml buffers containing 4 M, 2 M, 1 m,0.5m, andOM urea 
in phosphate-buffered saline with 10 mM imidazole, 1% Triton X-100, 
and 5 mM /3-mercaptoethanol. The IKK/3 peptides were eluted with 200 
mM imidazole in 1-mJ fractions, and the positive fractions were pooled 
and dialyzed in phosphate-buffered saline with 1 mM dithiothreitol and 
10% glycerol. 

For most kinase assays, purified human IKK/3 from Sf9 cells (12), or 
gel filtration-purified or immunoprecipitated IKK complex from yeast 
was incubated for 30 min at 30 °C in a 30-u.I reaction mixture containing 
20 mM Tris, pH 7.6, 20 mM MgCF, 20 fxM cold ATP, 2 mM dithiothreitol, 
[y- V2 P]AI'P (ICN), and 2 fig of protein substrate. The reactions were 
terminated by the addition of SDS-PAGE sample buffer and heated for 
5 min at 97 6 C. Proteins were separated by SDS-PAGE and transferred 
to polyvinyiidene dilluoride (Bio-Rad), and labeling was detected by 
Phosphorlmager (Molecular Dynamics). 

For some experiments, IKK activity was tested using a range of IxBa 
concentrations (from 4-183 /xg/ml). The protocol was the same as 
above only the substrate concentration was varied, and the incubation 
time was shortened to 10 min. 

Cloning and Expression of IKKs in Yeast— The plasmid pESC-trp- 
met-HA-lKK/3 containing HA-IKK/3 under the methionine promoter 
was described previously (1 1). To co-express similar levels of IKKy and 
IKK/3, HA-IKKy and its methionine promoter were inserted into the 
pESC-trp-met-HA-lKKj3 plasmid. Various point mutations were gen- 
erated in 1KK/3 by PCR using Pfu polymerase (Stratagene). These PCR 
products were digested and subcloned into the vectors pESC-trp-met- 
HA-1KK/3 and pESC-trp-mct-HA-IKK/3 met-HA-lKKy. The mutated 
regions were verified by sequencing, Plasmids were transformed into 
Saccharomyces cerevisiae strain YPH 499 (Stratagene) using lithium 
acetate as described (Stratagene pESC Yeast Epitope Tagging Vectors 
instruction manual). 

2 ml of overnight cultures of yeast were grown in selective drop-out 
medium (Q-Biogene) containing 4 mM methionine (Q-Biogene) to sup- 
press IKK expression and then expanded into 400 ml of selective non- 
inducing medium. The yeast were grown at 30 "C with shaking at 300 
rpm before transfer to inducing medium (without methionine) and 
induced overnight (at 30 °C with shaking). For harvesting and lysing the 
yeast, all steps were performed at 4 °C unless otherwise indicated. They 
were first washed in 400 mM (NH 4 ) 2 S0 4 , 200 mM Tris-HCI, pH 8.0, 10 
mM MgCl 2 , 10% glycerol, 2 mM /?-nitrophenyl phosphate containing 
protease inhibitors (2.5 /u,g/ml leupeptin, 20 /xg/ml aprotinm, 2.5 jug/ml 
antipain, 2 /xg/ml pepstatin, 1 mM phenylmethylsulfonyl fluoride, 0.1 
/xg/ml chymostatin, and 1.1 /xg/ml phosphoramidon). The pellets were 
resuspended in an equal volume of lysis buffer (20 mM Tris, pH 7.6, 20 
m.M NaF, 20 mM /3-glycerophosphate, 0.5 mM Na >V0 4 , 2.5 mM sodium 
met a bisulfite, 5 mM benzamidine, 1 mM EDTA, 0.5 mM EGTA, 10% 
glycerol, 300 mM NaCl, 1% Triton X-100, 2 mM dithiothreitol, 2 mM 
p-nitrophenyl phosphate with protease inhibitors), transferred to yeast 
protein extraction vials (Q-Biogene), and frozen at -80 "C. To lyse the 
yeast, the vials were thawed on ice, disrupted using a Q-Biogene Fast- 
Prep apparatus for 20 s on speed 6, and vortexed for 5 mm. The vials 
were spun at 10,000 X g, the supernatant was collected, and the pellets 
were resuspended in 0.67 ml of lysis buffer. The extraction procedure 



JUNE 2, 2006-VOLUME 281 -NUMBER 22 flgSjfr 



JOURNAL OF BIOLOGICAL CHEMISTRY 1 5269 



IKKy-dependent IKK Regulation 



was repeated an additional three times. The combined supernatants 
were clarified by centrifugation for 3 min at 3000 X g followed by ultra- 
centrifugation for 1.5 h at 65,000 X g. 

1 i A- IKK complex was then partially purified by gel filtration. 0.5 ml of 
extract (2-5 mg total protein) was loaded onto a Superose 6 gel filtration 
column (Amersham Biosciences) and samples were fractionated at a 
flow rate of 0,3 ml per minute. The gel filtration buffer contained 20 mM 
Tris, pH 7,6, 20 mM NaF, 20 mM /^-glycerophosphate, 0.5 mM Na^V0 4 , 
2.5 mM sodium meta bisulfite, 5 mM benzamidine, 1 mM EDTA, 0.5 mM 
EGTA, 10% glycerol, 300 mM NaCl, and 0.1% Brij 35. 

Alkaline Phosphatase Treatment— Approximately 6 /xg of yeast 
extract were immunoprecipitated using 1 fx\ of anti-HA antibody {{JSC/ 
Norris core facility) in radioimmune precipitation assay buffer (20 mM 
Tris, pH 8.0, 1% deoxycholate, 1% Triton X-100, 0.1% SDS, 150 mM 
NaCl, 2 mM PNPP) followed by binding to protein G-Sepharose beads 
(Amersham Biosciences). Immune complexes were pelleted and 
washed once with radioimmune precipitation assay buffer and once 
with OP buffer (calf intestinal phosphate buffer from New England 
BioLabs containing 0.1 mg/ml bovine serum albumin, 2.5 /xg/ml leu- 
peptin, 20 /xg/ml aprotinin, 2.5 /xg/ml antipain, 2 /xg/ml pepstatin, 0.1 
/xg/ml chymostatin, and 1.1 /xg/ml phosphoramidon). Pelleted proteins 
were then incubated for 15 min at 37 ,5 C in a 30~/xl reaction containing 
10 units of calf intestinal phosphatase in CIP buffer. The alkaline phos- 
phatase treatment was stopped by addition of SDS- PAGE sample buffer 
and heated for 5 min at 95 °C. For untreated controls, the addition of calf 
intestinal phosphatase was omitted. 

In Vivo Labeling—3.S-m\ cultures of yeast were grown in selective 
medium containing 4 mM methionine to suppress IKK expression until 
they reached an optical density of 0.7-1.0. Then the yeast were pelleted 
and resuspended in 1 ml of selective medium without methionine (to 
induce IKK expression) and containing 1.4 mCi of [^PJorthophosphate. 
The yeast were radiolabeled and induced for 5 h, then washed with yeast 
wash buffer containing protease and phosphatase inhibitors, resus- 
pended in 500 of yeast lysis buffer containing protease and phospha- 
tase inhibitors, and frozen at -80 °C The yeast were lysed as described 
above, and the extract was clarified by microcentrifugation for 1 min at 
10,000 X g followed by 20 min at 18,000 X g. 

To remove contaminating nonspecific immune complexes, the 
extracts were first immunoprecipitated with a nonspecific FLAG anti- 
body (Sigma) and complexed to protein G-agarose (Amersham Bio- 
sciences). Then, HA-IKK was immunoprecipitated using monoclonal 
antibodies directed against HA (USC/Norris core facility) followed by 
binding to protein G-agarose. The beads were washed repeatedly in 
radioimmune precipitation assay buffer (20 mM Tris, pH 8.0, 1% deoxy- 
cholate, 1% Triton X-100, 0.1% SDS, 150 mM NaCl, 2 mM PNPP) before 
elution for 5 min at 97 "C in SDS-PAGE loading buffer. The samples 
were electrophoresed using SDS-PAGE and transferred to polyvinyli- 
dene difluoride (Bio-Rad). Radiolabeling was detected by Phosphorim- 
ager. Blots were probed with anti-HA antibodies (USC/Norris Core 
Facility) followed by anti-mouse IgG horseradish peroxidase antibodies 
(Amersham Biosciences) and then detected by chemiluminescence 
(Pierce Super Signal reagent) using a Bio-Rad Fluor-S Max quantifica- 
tion system. 

Cyanogen Bromide ( CNBr) Digestion— Yeast ceils were :r2 P-labeIed 
and IKK was isolated as described above. For cyanogen bromide diges- 
tion, the immunoprecipitated samples were electrophoresed on an 8% 
SDS-PAGE gel. Autoradiography was used to locate the protein bands 
which were cut from the gel. The acrylamide slices were transferred 
to a siliconized tubed, crushed with a pipette, and resuspended in 200 

of 70% formic acid. Cyanogen bromide was added to a final con- 



centration of 17 mg/ml, the samples were overlaid with argon gas, 
and digestion was allowed to proceed for 17 h at room temperature 
in the dark. Samples were microcentrifuged for 5 min, and the super 
natants were transferred to siliconized tubes. The acrylamide was 
rinsed three times with 250 fx\ of ddH20, and the rinses were com- 
bined with the digested sample. The samples were dried overnight. 
The peptides were electrophoresed on a 16.5%T 3%C Tris Tricine gel 
and visualized using a Phosphorlmager. 

RESULTS 

Mutating C-terminal Serine Residues to Alanine in IKKfi Does Not 
Alter Down-regulation of IKK Complex in MEFs— -At least two regions of 
IKK/3 are phosphorylated on serine residues in response to stimulation. 
Phosphorylation of T-loop serines (177 and 181) in the kinase domain of 
IKK/3 are essential for IKK activation, and phosphorylation of at least 
ten serines (region spanning amino acid 664 to its end) in its C terminus 
was shown to play a role in down-regulation of IKK in HeLa cells in the 
background of endogenous IKK/3 (1). However, because a given IKK 
complex could contain 6 to 9 catalytic subunits (11), expression of 
mutated forms of IKK« or IKK/3 in mammalian cells could result in the 
formation of heterocomplexes containing endogenous wild-type along 
with mutated forms. For example, when kinase-defective mutants 
HA-lKKaKm or HA-1KK/3KA were expressed in HeLa or HEK 293 
cells, immunoprecipitation of the mutant kinases resulted in precipita- 
tion of very active and TNF-mducible IKK complexes (4). This clearly 
indicates that mutant IKKat or IKK/3 were incorporated into the endog- 
enous IKK complexes. Considering this, changes seen in the kinetics of 
IKK regulation may have been due to the formation of heterocomplexes, 
when the activity of the C-terminal serine to alanine mutants of IKKjtf 
were tested in HeLa cells in the background of endogenous IKK/3 (3). 
Flere we examined the activities of the same mutant IKKjSs used in 
Delhase and co-workers (34), in embryonic fibroblasts derived from 
IKK/Tdeficient mouse (MEFj3~ y ~). We generated stable pools of 
MEFjQ _/ ~ cells expressing either wild-type IKK/3, or M10, L3SA, or 
M12 mutants. In the M10 construct, 10 serines C-terminal to the helix - 
loop-helix are mutated to alanines, whereas the last 4 serines remained 
unchanged, and in the M12 construct, these same 10 serines as well as 
Ser'™ and Ser'™ are mutated to alanines. IKK/3L3SA has three serines 
(Ser /1 \ Scr / V0 , and Scr"'°) mutated to alanines. The activities of IKK 
complexes were determined by the immune kinase complex assay in 
these cells before and after treatment with TNF« for 5, 15, 30, 60, and 
3 20 min. As shown in Fig. \A, there is no obvious difference between the 
activation and down- regulation kinetics of IKK/3 wild type and 
1KK/3M10. The same is true for the 1KK/3L3SA and IKK/3M12 mutants 
(Fig. 1/4). In all cases, the reconstituted IKK wild type or mutants show 
very little activity in untreated cells and reach peak activity at 15 min, 
similar to native IKK as previously reported (4). The activity of wild type 
or mutated IKK/3 is down-regulated at 30 min and remains low up to 
120 min (Fig. I A). The only major difference in IKK activity is that for 
the M12 and L3SA mutants (which contain mutations in the serines in 
the yBD) where IKK has faster activation kinetics (Fig. IA). This occurs 
independently of the mutations of the 10 preceding serines. The L3SA 
and M12 mutants show reasonably strong TNF-induced activity at 5 
min (Fig. 1/1). These experiments were repeated several times and sim- 
ilar results were obtained (data not shown). Results in Fig. IA indicate 
that the ten serines preceding the NBD/yBD of IKK/3 do not play a role 
in down- regulating the activity of IKK complex. On the other hand, 
serines 733, 740, and 750 within and around the y-binding domain may 
play a role for IKK regulation (see below). 
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FIGURE 1. The C-terminal serine residues of 
IKK/f do not play a role in the down-regulation 
of the IKK complex after activation. A, MEFs 
deficient in IKK/3 were transfected with the indi- 
cated HA IKK/3 wild-type {wt) or mutants (M10, all 
10 serines between amino acids 664-707 
mutated to alanine; L3SA, serines 733, 740, and 
750 mutated to alanine; Ml 2, all serines between 
amino acids 664-707 as well as serines 740 and 
750 mutated to alanine). Stable pools of cells were 
established by drug selection. The activities of IKK 
complexes in these cells afterTNFa stimulation for 
the times indicated were determined by immune 
kinase complex assay using anti-HA antibodies. 
The top panel shows the kinase assay data, the bot- 
tom panel shows the Western bfot analysis of the 
fmmunoprecipitated HA-IKK proteins. B, activity 
of wild-type IKK/3 + 7 is similar to the activity of 
IKK/i M10 + y. IKKs were expressed in yeast and 
purified by gel filtration. IKK activity was tested 
over a range of GST-kBa-0-54) concentrations 
{from 4-183 /ug/ml). The upper panel shows 
kinase activity (KA), and the middle panel shows 
the level of HA-IKK/3 and HA-IKKy assessed by 
immunoblot, and the bottom panel shows a Coo- 
massie Blue stain of GST-IkB« substrate. 
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We further examined in vitro whether there is a difference in activi- 
ties between wild-type IRK/3 and IKKjSMlO in the absence of IKKa. IKK 
complexes containing IKKy with either wild-type IKK/3 or IKK/3M10 
were expressed in yeast and partially purified by gel filtration. The activ- 
ities were compared over a range of concentrations of IkBc* substrate 
(from 4 to 183 pig/ ml. Fig. IB). The activity of the IKK/3M10 was similar 
to the activity of wild- type IKK£ over the whole range of substrate 
concentrations. This indicates that rendering the serines at the C ter- 
minus of IKKjB u.nphosphorylatable neither increases nor decreases 
kinase activity toward IkBut. For this kinase assay, there was a 10 min. 
incubation of enzyme in the presence of substrates, and the level of 
IKKjB seemed to be significantly lower at the end of the assay for samples 
incubated with low concentrations of I/cBa (compared with the level of 
IKK/3 after incubation in high concentrations of IkBo). This indicates 
that somehow, the higher concentrations of substrate stabilized the 
enzyme during the assay. Because of this, it was not possible to quanti- 
tatively compare the kinetic parameters of the wild- type IKK/3 to 
1KK/3M10 containing complexes. Nevertheless, qualitatively, both com- 
plexes show very similar activities. 

The C Terminus of IKKfi Is Autophosphorylated in Yeast in an IKKy- 
dependent Manner— Previous work (1) suggested that the C terminus of 
IKK/3 becomes phosphorylated following IKK activation via autophos- 
phorylation in mammalian cells. Here we used the IKK reconstituted in 
yeast to examine IKKy-dependence of the autophosphorylation of the C 
terminus of IKK/3. A routine Western blot of IKKs expressed in yeast 
using HA antibodies revealed a pronounced band shift of IKK/3 when 
co-expressed with IKKy (Fig. 14). This marked band shift induced by 
the presence of IKKy occurred for wild-type IKK/3 and IKK/3 yBD AA (a 
mutant of IKK in which serines 740 and 750 are changes to alanine, see 



also Fig. 3 A) but was not observed for the M 10 and M 1 2 mutants. This 
suggests that the serine residues C-terminal to the helixToop-helix are 
phosphorylated. The greatly reduced band shift for MIO and Ml 2, in 
which most of the C-terminal serines are rendered incapable of phos- 
phorylation, suggests that much of the phosphorylation occurs in the 10 
serines immediately C-terminal to the helix-loop- helix, and it requires 
IKKy. 

To confirm that the band shift seen in IKK/3 when co-cxprcsscd with 
IKKy was caused by phosphorylation, extracts were treated with alka- 
line phosphatase. IKK/3 co- expressed with IKKy migrates slower com- 
pared with IKK/3 (expressed alone) on SDS-PAGE (Fig. 2/3, compare 
fanes I and .3). However, after treatment with alkaline phosphatase the 
IKK/3 expressed with IKKy migrates at the same rate as IKK/3 expressed 
alone (Fig. 2B t lane 4), suggesting that the band shift was caused by 
phosphorylation. The migration of 1KK/3M3 0 (with or without IKKy) 
(Fig. 2B. lanes 5-8) was unaffected by the alkaline phosphatase treat- 
ment. This indicates that the extent of phosphorylation of !KK/3M10 
mutant is significantly lower than wild-type IKK/3. It further indicates 
that much of the phosphorylation observed during co-expression of 
IKKy with IKK/3 must occur in the 10 serines immediately following the 
HLH domain. 

The alkaline phosphatase experiment also indicates that IKKy is 
phosphorylated. IKKy is seen as a doublet when co-expressed with 
either IKK/3 or 1KK/3M10; the size of the bands is similar for either 
complex. Treatment of lKK/3+y or IKKjSMlO+y with alkaline phos- 
phatase caused IKKy to migrate predominantly as the faster migrating 
band, indicating that the slower migrating band is phosphorylated. 

To further demonstrate that the C terminus of IKK/3 is phosphoryl- 
ated and the majority of the phosphorylation occurs on the ten serines 
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FIGURE 2 Activation of \KKfi is required for it to be phosphory fated at its C termi- 
nus, and this phosphorylation is enhanced by IKKy. A, co-expression of iKKv with 
IKK/j leads to aulophosphoryiationofiKK/^ as assessed by a band shift assay. Wild-type or 
various mutant forms of HA-IKK/3 were expressed alone or along with HA-IKKy in yeast, 
and lysates were separated by SDS-PAGE and analyzed by immunoblot. Co-expression 
with HA-IKKy results in the delayed migration of IKK/3; the absence of this band shift 
where the serines were mutated to alanines (for Ml 0 and M 1 2) suggests that the slower 
migration resulted from phosphorylation of C-termtnal serines. B, treatment of extracts 
with alkaline phosphatase indicates that the band shift induced by IKKy is caused by 
increased phosphorylation. Wild-type and IKK/3 M10 was expressed alone or co-ex- 
pressed with IKKy in yeast. Extracts were either untreated or dephosphorylated using 
alkaline phosphatase (AP) before immunobtotting with antibodies directed against HA. 
C, IKKy-dependent in vivo phosphorylation of C-terminal IKK/3 wild type and IKK/3- 
yBDAA, but not IKK/3-M1 2. IKK proteins were labeled in yeast with [ 32 P]orthophosphate, 
immunoprecipitated and digested with CNBr, and separated on a Tris-Tricine gel as 
described under "Experimental Procedures." Top panel shows the immunoblot using HA 
antibodies. Middle panel shows undigested i2 P-labe!ed IKK proteins. The bottom panel 
shows CNBr-digested 32 P-labeled IKK peptides. Molecular weight markers are indicated 
at the right. D, IKK/^ is able to phosphorylate its own C terminus. Purified IKK/3 from Sf9 
cells was tested for kinase activity (KA) using GST-kBrt-d -54) or various peptides of its 
own C terminus as substrate, 

between the HLH and the yBD, we labeled wild type, JKK/3-yBDAA, 
and IKK/3M12 in yeast with [ 32 P]orthophosphate. Wild-type IKK/3 and 
lKK/3-yBDAA were expressed with or without IKKy, and IKK0M12 
was expressed with IKKy (Fig. 2C). The lKKjSs were immunoprecipi- 
tated using HA antibodies, gel-purified, and cleaved by CNBr for phos- 
phopeptide mapping as described (1). As shown in Fig. 20, top panel, 
similar levels of IKK/3s were immunoprecipitated. Wild -type and 1KK/3- 
yBDAA are phosphorylated weakly when expressed alone (Fig. 2C, mid- 
dle panel). Their level of phosphorylation increases significantly when 
expressed with IKKy. The phosphorylation of the IKK0M12 mutant in 
the presence of IKKy is low and similar to the levels of wild type 1KK/3- 
ylBDAA in the absence of IKKy expression. When co- expressed with 
IKKy, the C-terminal fragment of IKK0, the ;i2 P-labeled peptide band 
above the 5~kDa marker is seen in the wild type and lKK/3-yBDAA, but 
not in 1KK/3M12 mutant (Fig. 2C. bottom panel). 



We further assessed whether IKK/3 purified from Sf9 cells is capable 
of phosphorylating a peptide containing the C-terminal serines oflKK/3 
in trans. The entire C-terminal region of IKK/3 including the HLH, 
serine-rich, and the MBD/yBDs were produced with a Myc tag and a 
His ( , tag at their C terminus in bacteria. For some of these peptides, ten 
or more of the serines were mutated to alanines. For MIO, the first 10 
serines after the HLH were substituted with alanine. For M12, twelve 
serines, including those in and near the NBD/yBD, were substituted 
with alanine. For Ml 4, 14 serines were substituted with alanine. These 
peptides were expressed in bacteria and purified using nickel beads.' 1 

As shown in Fig. 2D, purified IKK/3 was able to phosphorylate the 
peptide containing the wild type and the M10, Ml 2, and Ml. 4 peptides. 
The mutant peptides were phosphorylated 3-5 times less efficiently 
than the wild- type peptide. As a control, purified IKK/3 strongly phos- 
phorylated its known substrate IkBo. The phosphorylation of the C-ter- 
minal peptides by IKK/3 was significantly weaker than phosphorylation 
of the IkBo:. The data indicate that IKK/3 can phosphorylate its C ter- 
minus. However, perhaps caused by the absence of IKKy and confor- 
mational requirements only present within the IKK complex, phospho- 
rylation of the C-terminal serines may not be as specific and efficient in 
trans. Phosphorylation of MIO, M12, and M14 in trans by IKKjS could 
also occur on threonine residues in the C terminus of IKK/3. Taken 
together, data in Fig. 2 indicate that the C-terminal serines between 
HLH and NBD/yBD in IKK/3 are autophosphorylated in an IKKyde 
pendent manner. 

IKKy Induces Phosphorylation of the T-loop of IKK ft and Municks a 
Phosphorylation State of the NBD/yBD That Reduces IKK Activation 
Significantly — As shown above, autophosphorylation oi ten serines 
between the HLH and NBD/yBD of IKK/3 does not seem to play a role in 
regulating IKK complex activity. May et ai (33) suggested that phos- 
phorylation of serines 740 in the NBD/yBD may down- regulate IKK 
activity. We used the yeast reconstitution of IKK to examine whether 
mimicking the phosphorylation state of the serines 740 and 7:30 in the 
NBD/yBD has a negative effect in IKK y- induced activation of IKK com- 
plex. Substituting serine to glutamate to mimic a negative charge has 
resulted in constitutively active MAP kinases (36). In the case of IKK 
kinases, phosphorylation of the regulatory serines in the T-loop activa- 
tion region in the kinase domain has resulted in constitutive activity (3). 
We generated yeast expression vectors for HATKK/3-yBDEE (in which 
serines 740, and 750 are mutated to glutamate) and HA-lKK/3-yBDAA 
fin which serines 740 and 750 are mutated to alanine, see Fig. 3A). We 
also generated yeast expression vectors for HATKK/3-T-loopEE, 
HA-IKK/3-T-loopAA, and HA-IKK/3-T-loopEE-yBDEE (Fig. ,14). Each 
IKK/3 was expressed alone or with IKKy on the same vector in yeast, and 
IKK complexes were partially purified by gel filtration. IKK/3 reconsti- 
tuted with IKKy (Fig. 3B, lane 2) has higher activity than IKK/3 alone 
(Fig. ?>B, lane 1), indicating that IKKy facilitates self-activation of IKK. 
Mutating the T-loop regulatory serines to glutamate to mimic the phos- 
phorylated state results in high activity (Fig. 35, lane 3), which is not 
further activated by co-expression with IKKy (Fig. 3£, lane 4). This 
indicates that the regulatory role of IKKy is upstream of the phospho- 
rylation of the T-loop serines. Mutation of the T-loop serines to alanines 
makes the kinase completely inactive (Fig. 3i>, lane 5), and this mutated 
IKK/3 T-loop AA cannot be activated at all by the presence of IKKy (lane 
6). When the serines 740 and 750 in the NBD/yBD are mutated to 
glutamate, IKK/3 still has a low level of kinase activity (Fig. 3#, lane 7), 
similar to wild-type IKK/3 (Fig. 3/>\ lane 1). However, reconstitution with 
IKKy does not allow lKK/3-yBDEF to become activated {lane 8). This 

4 Y-K. Lee and E. Zandi, unpublished data. 
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FIGURE 3. Mimicking the phosphorylation state of serinesin and adjacent to the yBDoffKK0 prevents IKKy-induced activation of I KK complex in yeast. A, schematic diagram 
showing the \KKfi T-toop and C-terminal mutant constructs. In wild type IKK/3, there are 2 serines in the T-loop (Ser" 7 and Ser MI ) and a series of serines following the HLH domain. 
These serines were mutated to alanines (to prevent possible phosphorylation) or to glutamic acids (to make them mimic the phosphorylated state). These constructs were 
transformed into and used to express full-length IKK/3 (with an HA tag at the N terminus) in yeast. B, kinase assay comparing activity of wild-type and mutant forms of IKK/3. Wild-type 
or mutant forms of HA-IKK/3 were expressed alone or co-expressed with HA-IKK7 in yeast. Partially purified IKK complexes were tested for IKK kinase activity {KA), and the amounts of 
HA-IKK/3 and HA-IKK7 were determined by anti-HA immunoblot (IB*anti-HA). C, phospholabeling of IKK/3 in yeast. Untransformed (YPD) yeast or yeast transformed with expression 
piasmids for various forms of IKK/3 (with or without IKKy) were simultaneously induced and labeled with L 32 P]orthophosphate. Yeast pellets were lysed, IKK was isolated by 
immunoprecipitation, and the level of autophosphorylation in IKK/3 was assessed by SDS-PAGE followed by Phosphorlmager. D, scans from three independent experiments shown 
in C were quantified, and the data are shown as specific autophosphorylation of IKK/3. For each data point, the density of autophosphorylation was normalized based on the density 
of the corresponding signal in the immunoblot. The normalized autophosphorylation values of three independent experiments were averaged, and standard deviations were 
calculated. 



indicates that the analog of phosphorylated serines in the yBD prevents 
IKKy from facilitating self-activation of IKK and supports the hypoth- 
esis that phosphorylation of these amino acids is a mechanism to main- 
tain IKK in a state of low level of activity. IKK/3 with the 6 amino acids in 
the NBD/yBD domain at the C terminus (LDWSWL) deleted had a low 
level of activity (Fig. SB, lane 9), similar to wild-type IKKjS, but IKKy 



could not allow the complex to self-activate (Fig. 3B, lane 10). This 
further indicates that the yBD is required for self-activation of the com- 
plex. IKKjB-yBDAA, in which serines at the NBD/yBD (740, 750) were 
mutated to alanine, had a similar level of IKK activity to wild type (Fig. 
38. lane 11), and IKKy facilitates its self-activation (Fig. 3£, lane 12) 
similar to wild type. Finally, when both the T-ioop serines and NBD/ 
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yBD serines arc mutated to glutamate to mimic phosphorylation, IKK/3 
has a high activity (Fig. 3B, lane 13), and its activity is not further 
enhanced by the presence of [KKy (Fig. 38, lane 14). These results 
indicate that interaction of IKKy with the NBD/yBD of IKK/3 is 
upstream to the phosphorylation of the T- loop serines, which can occur 
mtramolecularly within the IKK complex. 

Gel filtration analyses of the above complexes showed that IKK/3 
containing point mutations in the NBD/yBD form similar size com- 
plexes to the wild type and native IKK from Mela cells (data not shown). 
This indicates that mutating serines to alanine or glutamate in the NBD/ 
yBD did not affect IKK complex formation. 

To further confirm that mimicking the phosphorylation state of the 
yBD results in decreased IKK activity in vivo, we examined autophos- 
phorylation of IKK/3 in yeast labeled with [ r2 P]orthophosphate. We 
compared the autophosphorylation of the wild-type, T-loop EE, and 
yBD HE IKK/3. Yeast were incubated in [ H2 Pjorthophosphate for 5 h, 
induced to synthesize IKKs, harvested, and lysed, immunoprecipitated, 
separated by SDS-PAGH, and analyzed by autoradiography and West- 
em blot. A representative experiment is shown in Fig. 3Cand autophos- 
phorylation data from three independent experiments were normalized 
based on the signal intensities of corresponding Western blots, and the 
results are shown in Fig. 3D. The wild- type IKK/3 expressed alone was 
only weakly autophosphorylated (Fig. 3, C and D), but when co-ex- 
pressed with IKKy, the level of autophosphorylation increased by 2.3- 
fold. The IKK/3 T-loopEF (which has constitutively high activity toward 
IkB<*, see Fig. SB) when expressed alone showed similar level of auto- 
phosphorylated to the wild type, The autophosphorylation of the 
TToop EE increased by 3-fold when co-expressed with IKKy. This 
result support the data in Fig, 2C that show IKKy facilitates increased 
phosphorylation of the C-terminal serines, even under conditions 
where its presence is not needed to activate IKK/3. The IKK/3 T-loopEE 
mutant cannot be phosphorylated in the T-Ioop, so this phosphoryla- 
tion is most likely due to C-terminal phosphorylation, providing further 
support for the findings shown in Fig. 2. The level of autophosphoryla- 
tion in IKK/3-yBDEE whose kinase activity toward IkB<v is low, even in 
the presence of IKKy (Fig, 38) did not increase much when co-ex- 
pressed with IKKy (Fig. 3, Cand D). In summary, these data suggest that 
IKKy facilitates the C-terminal phosphorylation of IKK/3 within the IKK 
complex. This is true even under conditions where IKK/3 is constitu- 
tively active. Furthermore, the data support the May et al (33) findings 
in that phosphorylation of the NBD/yBD in IKK/3 plays a regulatory role 
in IKKy-dependent regulation of IKK complex. 

Effect of the NBD/yBD Mutations in IKKfi on the Activity of Reconsti- 
tuted IKK in MEFa~' ~ /3~ / ~— To investigate whether the data shown in 
Fig. 3B can be recapitulated in mammalian cells, we generated HA- 
tagged mammalian expression vectors for IKK/3- yBDEE and 1KK/3- 
yBDAA. To avoid the interference of the endogenous IKKa or IKK/3, we 
utilized the MEF<v""'"j8" / * (35). Stable pools of MEFo "/3 
expressing HA-tagged IKK/3-wt, IKK/3- yBDEE, or lKK/3-yBDAA were 
generated, and the activity of IKK complex was examined before and 
after treatment with IE- 1/3 for 10 min (Fig. 44). Using anti-IKKy anti- 
body, IKK/3-lKKy complexes were isolated and the kinase activity was 
assessed by immune kinase complex assay. The activity of lKK/3-wt was 
induced by IL-1/3 as expected (Fig. 44). The IKK/3- yBDEE has a similar 
basal level of activity like the wild-type IKK, but its activity is not 
induced by IL-1/3 (Fig. 4/4). This is consistent with the yeast experiments 
in Fig. 3B, and supports the hypothesis that a negative charge(s) in the 
NBD/yBD of IKK/3 can prevent induction of IKK. Preventing the phos- 
phorylation of the serines in the NBD/yBD should allow constitutive 
activity of the complex, at least to some degree. IKK/3- yBDAA has sig- 
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FIGURE 4. Reconstitution of IKK complex in MBfa"'~ . A, MEFo~ / ~/3~ / ~ were 
transfected with HA-tagged mammalian expression vectors of IKK/^-wt, IKK/S- yBDEE, or 
IKK/3 yBDAA, and stable pools were selected using G41 8. The kinase activities of IKK was 
assessed by immune kinase complex assay using anti-IKKy antibodies in cells left 
untreated or treated with IL-10 for 10 min. Anti-IKKy antibody was used to isolate the 
!KKj3-IKKy complex. KA, kinase assay of the immunoprecipitated IKK toward GST-IkBc.*; IB, 
immunoblot using anti-HA to show that similar levels IKK/J proteins were pulled-down in 
IKK complex. The HA IKK amounts were determined by Western blot using anti-HA anti- 
bodies. 6, IL-1 -induced phosphorylation of the endogenous IkB« was determined in 
cells described in A. To prevent rapid degradation of phosphorylated IkBo-, cells were 
treated with 5 /xm MG-1 32 (a proteasome inhibitor) for 30 min prior treatment with IL-1/3 
(2 ng/ml) for indicated times in minutes, For immunoblot analysis, 30 ^g of whole cell 
extracts were used. Levels of HA-IKK/3 was determined using anti-HA [top panel). Phos- 
phorylated kBa was detected using the phospho-l/<B« (Ser 32 ) antibody (Cell Signaling) 
[middle panel). Total IkB« protein levels was determined using an Ik8« antibody (Cell 
Signaling) [bottom pane!). 

nificantly higher basal level kinase activity compared with the wild type, 
and this activity is only marginally induced by (Fig. 44). It is 

important to note that in the presence of endogenous IKKa similar 
mutations in the NBD/yBD of lKK/i did not allow constitutive activity 
of the complex (see Fig. \A), though the activation was faster. 'This 
indicates that a wild-type NBD/yBD in one of the kinase subunits within 
the IKK complex could be sufficient to allow IKKy to regulate the basal 
level of IKK complex. 

T'o compare the in vivo activities of wild-type and mutant IKK/3s in 
the cell lines, we determined the phosphorylation of endogenous IkBc* 
using phospho-lKBa antibodies before and after treatment with IL-1/3 
for 5 and 10 min (Fig. 4/3). Because phosphorylated UBa is ubiquiti- 
nated and degraded rapidly, proteasome was inhibited by treating the 
cells with MG-132 (5 /xm) for 30 min prior to IL-1 treatment. The 
phospho-lK-Btt antibody detects a background band that is present even 
in the cells transfected with vector. Treating cells with IL-1 did not 
increase the intensity of the background band in vector- transfected cells 
(Fig. 45). Because MEF a~ '' ~ fi~ ; ~ are devoid of any known IKK activity, 
the band detected by phospho-lKBa antibody is most likely a weak 
interaction of this antibody with unphosphorylated IkB<x On the other 
hand, in cells expressing the wild-type IKK/3, phosphorylation of IkBck 
increased significantly after IL-1 treatment (Fig, 'IB). In cells expressing 
IKK/3- yBDEE, IL-1 treatment did not increase phosphorylation of IxBa 
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(Fig. AH). In cells expressing the IKK/3- yBDAA and not treated with 
IL-1, phosphorylation oflKBa is significantly higher than the wild- type 
IKK/3 (Fig. Treatment of these cells with IL-1 did not increase 
phosphorylation of IkB« further (Fig. AS). 

Taken together, the data in Fig. 4 support the hypothesis that phos- 
phorylation of the NBD/yBD in IKK/3 and possibly in IKK« plays a role 
in regulation of the IKK complex. 

DISCUSSION 

T here are at least 16 serine residues in IKK/3, which may be involved 
in up-regulating and down-regulating IKK activity. These consist of two 
serine residues in the T-loop and 14- serines following the HLH domain, 
including 2 serines in and adjacent to the NBD/yBD. NIK activates 
IKKo by direct phosphorylation of T-loop serines (1.9). However, many 
other stimuli activate IKK via IKKy and may not act by direct phospho- 
rylation of T-loop serines. Rather many stimuli may act by altering the 
interaction of IKKy with the NBD/yBD at the C terminus of IKK/3. As 
shown in Fig. 3B, when the serine residues in the NBD/yBD of IKK/3 are 
mutated to resemble phosphoserine, the kinase is no longer stimulated 
by IKKy m the yeast reconstitution system. Expression of a similar 
!KK/3yBDEE in MEFcv" / ~'/3~ / ~ could only be weakly stimulated by IL-1. 
Furthermore, IKK/3yl;>AAA (where NBD/yBD serines cannot be phos- 
phorylated) was cither constitutively active or showed more rapid acti- 
vation kinetics than wild-type IKK. Altogether, these data suggest that 
phosphorylation of NBD/yBD serines may be a mechanism by which 
IKK is maintained in a low activity state, and upstream stimuli may 



regulate IKK by altering the phosphorylation status of NBD/yBD 
serines. Phosphorylation of serines in the region where IKKy binds to 
IKK/3 may alter the interaction between the two subunits, thereby alter- 
ing its capacity to become activated. 

Data presented here and previously (33) indicate that phosphoryla- 
tion of the NBD/yBD maintains IKK in a basal state, but it is unclear 
what kinase is responsible for catalyzing this phosphorylation. The 
results of this study demonstrate that IKK/3 can phosphorylate a peptide 
substrate containing the serines in the NBD/yBD of IKK/3, indicating 
that indeed IKK/3 can phosphorylate its NBD/yBD. However, this phos- 
phorylation is relatively weak (compared with the activity of IKK toward 
UB, see Fig. 2D). Perhaps the level of phosphorylation observed is low 
because IKK/3 is phosphorylating exogenous C termini, and the kinase 
normally autophosphorylates its NBD/7BD within the same complex. 
Perhaps this phosphorylation is weak because IKKy is needed for this 
autophosphorylation. Alternatively, it is possible that while IKK/3 can 
indeed autophosphorylate its NBD/yBD, in mammalian cells there 
exists another kinase whose role is to phosphorylate the NBD/yBD of 
IKK/3. 

It is clear that phosphorylating the NBD/yBD serines can diminish 
IKK activity, but these are not the only serines phosphorylated in the C 
terminus of IKK/3. As in mammalian cells, the 10 serines immediately 
following the HLH are heavily phosphorylated in the yeast reconstitu- 
tion system. This study indicates that this is due to autophosphoryla- 
tion, requires active IKK/3, and is strongly enhanced by IKKy. Previous 
work using mammalian cells indicated that inactivating mutations in 
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the kinase domain (K44A) or T- loop (SI 77 A and SI81A) of'JKKjS com- 
pletely prevented IKKfi phosphorylation at the C terminus, suggesting 
that the mechanism of C -terminal phosphorylation is autophosphoryl- 
ation (I). However, it remained plausible that only native, active IKK 
could he recognizable by a putative exogenous IKK C- terminal kinase. 
Co -expression of IKKy with IKK/3 in the yeast system results in 
increased phosphorylation of IKKj3, primarily in the 10 serines imme- 
diately following the HLH as evidenced by direct in vivo labeling as well 
as by band shift during gel electrophoresis (Figs, 2 and 3). This result is 
not surprising since expression of IKKy is known to activate IKK/3, and 
IKK/3 has been shown to autophosphorylate Us C terminus. However, 
when 1KK/3 is made constitutively active by mutation nf T-loop serines 
to glutamic acids, it is not phosphorylated very strongly. In contrast, 
when this same form of IKKjS T-Ioop Kb is co- expressed with IKKy, a 
strong phosphorylation of the C terminus is seen. 'This result indicates 
that while having active kinase is sufficient for IKK/3 autophosphoryla- 
tion, IKKy is somehow involved in augmenting the phosphorylation of 
C terminal serines beyond the HLH. As shown in Fig. I, phosphoryla- 
tion of these serines does not appear to affect IKK activity, nor does it 
appear to have a previously reported down-regulatory function (1). 

In studies involving mammalian cells, mutation of T-Ioop serines to 
glutamic acids resulted in constitutively high activity (1, 3). However, 
because these cells have an NF-kB activation pathway, it was possible 
that these phosphorylated residues attracted other molecules to the IKK 
complex, resulting in activation. Yeast cells lack the NF-kB system (and 
presumably other factors involved in activating IKK). Nonetheless, 
when IKK/3 with phospho-mimickmg residues in the T-loop is 
expressed in yeast {Fig. SB), it is constitutively active and does not 
require IKKy. Mutation of the T-Ioop serines to alanines makes the 
kinase inactive, even in the presence of IKKy. When both the NBD/yBD 
serines and the T-loop serines were mutated to glutamic acids (Fig. 
the kinase was constitutively active (with or without co-expression with 
IKKy). This indicates that phosphorylation of the T-Ioop serines is the 
dominant factor governing whether IKK/3 is active or inactive; if the 
T-Ioop serines are phosphorylated, the kinase is not affected by changes 
in the phosphorylation status of the C terminus. 

These data suggest that there are possibly dual mechanisms for acti- 
vating IKK (see Fig. r >). Certain pathways (such as NIK) may activate IKK 
by directly phosphorylation the T-loop serines. Other stimuli may act 
via IKKy and the NBD/yBD to cause conformational changes in the IKK 
complex, facilitating autophosphorylation of T-loop serines and 
increasing kinase activity. Phosphorylation of the NBD/yBD serines 
may prevent IKKy from facilitating autophosphorylation and self-acti- 
vation during periods of basal activity. 
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